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Abstract 
The synthesis, structures and physical properties of tripodal and macrocycic 
Schiff base ligands and their complexes are described. All ligands are synthesised by 
the condensation of amines with 2,6-diformyl- or 2,6-diacetyl-phenols. 
The synthesis of a novel dodecadentate tripodal Schiff base ligand, L'H 3, is 
described. Reaction of L'11 3 with Ln(C104)3 where Ln=La, Pr gives complexes of the 
form [Lfl(L'H3)(H20)](C104)3 and where Ln=Y, [Y(L'H 3)](C104)3. The single crystal 
X-ray structures of L 1 H3 and the complexes are described. 
L'H3  reacts with Gd(C104)3 in the presence of Cu(C104)2 and N,N-diisopropyl-
ethylamine resulting in hydrolysis of the acetal functionality to give a complex of the 
nonadentate tripodal ligand L 5113 , [Gd(L5H3)(H20)2](C 104)3, the single crystal X-ray 
structure of which is described. A similar reaction occurs with Ni(C10 4) 2 , giving 
[Ni(L5H3)](C104)2. The X-ray structure of which is also described. 
The preparation of L 2H3 , a related tripodal nonadentate ligand, is described and 
the structure determined by single crystal X-ray analysis. Complexes prepared by 
reaction with M(C104)2, M=Ni, Zn, are of the form [M(L 2H3)](C104)2 and the single 
crystal X-ray structures show the two complexes are isostructural. 
The Schiff base macrocycle [L 3H4](PF6)2 reacts to form [Cu 2L3(CH3CO2)]Br 
preferentially in the presence of La(C10 4)3 and Cu(CH3CO2)2. The single crystal X-ray 
structure is described. 
A template condensation of 2,6-diformyl-4-methylphenol and tris(2-amino-
ethyl)amine around yttrium(Ill) yields a complex of the macrobicydic ligand, L 6H3 , 
[Y(L6H3)(H20)2](Cl04)3. 
[La(L'H3)(H20)](C 104)3 was further reacted with Ni(C10 4)2 in the presence of 
N,N-diisopropylethylamine to form the heterobimetallic complex 
[LaNi(L')(H20)](C104)2, the structure of which was confirmed by single crystal X-ray 
analysis. Preliminary magnetic studies on the complex [GdNi(L')](C104)2 indicate a 
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1.1 	General Introduction to Tripodal Ligands 
The synthesis and complexation of tripodal ligands are of current interest. A 
simple tripodal ligand could consist of three monodentate co-ordinating 'arms' 
attached to a central linking group. More recently a number of ligands with 
polydentate co-ordinating arms offering, for example, a mixture of hard and soft donor 
atoms for complexation to the metal centre have been synthesised. 
The ligands can form complexes with metal ions which demonstrate high 
thermodynamic stability, kinetic inertness, selective complexation and unusual co-
ordination and oxidation states: The high stability of such complexes is exhibited in 
nature by the extremely effective complexation of iron(HI) by the siderophores. 
Synthetic tripodal ligands have been prepared incorporating a wide variety of different 
arms, based on for example; 2,2'-bipyridine, salicylidene, thio/amine donors, pyrazol-l-
yl, catechol, and 2,2'-bipyrazine. Ligands have also been synthesised containing chiral 
groups and three dissimilar 'arms'. 
Tripodal ligand systems have been utilised to model biological systems 
including synthesis of siderophore analogues and the metal site in the enzyme galactose 
oxidase. Such systems have also been used to study luminescence properties, to 
stabilise unusual oxidation states, for stereospecific syntheses, to form stable metal 
complexes for medical/imaging applications and to selectively complex metal ions for 
extraction. 
1.2 	Simple Tripodal Ligand Systems 
The simplest tripodal ligand would involve three monodentate arms linked by a 
central group. The most obvious example of this is tris(2-aminoethyl)amine (tren).Tren 
contains four potential donor atoms, the three primary amine nitrogens and the tertiary 
amine bridgehead nitrogen. It is often used in reaction with an aldehyde forming an 
imine bond to give more complex tripodal and macrobicydic ligand systems. However 
the co-ordination chemistry of tren and related ligands has been studied' 5 . Chin et al 
studied the hydrolysis of phosphate diesters by cobalt(M) complexes'. The ligand 
structure of complexes of tren and trpn (the propyl analogue) was observed to effect 
2 
the activity of the catalyst. The tren and trpn ligands co-ordinated through all four 
nitrogen donors and water molecules tilled the remaining co-ordination sites, see 
Figure 1.1. The advantage of the tripod ligand over monodentate ligands was that 






Figure 1.1: 	Tren Complex of cobalt(II) 
Anderegg and co-workers studied the tren system where the H-atoms bound to 
the amine nitrogens were replaced by methyl groups 3 . The ligand was of particular 
interest due to the formation of unusual five co-ordinate complexes with first row 
transition metals. The bulky substituents impose such a geometry. The five co-
ordination of palladium(][[) has also been claimed at high pH on the basis of mnr 
evidence, although further nmr measurements and stability constant calculations did 
not provide unambiguous evidence for this. A variety of tren derivative complexes of 
titanium were also studied with a view to formation of titanium nitride films 2. A 
dimeric structure was elucidated for one of the complexes which contained a bridging 
amine, see Figure 1.2, and the expected monomeric structure when bulky substituents 
were present on the nitrogen donors. Such simple tren type ligand systems have also 
been utilised in the modelling of cyanide inactivation of the metal centres in 
cytochrome c oxidase. Bridged and doubly bridged complexes were elucidated with 
the cyanide bridging copper(II) and iron(I1) centres 6 . 
3 
1- 	 I 	-i-Pr 
~t 11 
Figure 1.2: 	Structure of Titanium Dimer Synthesised by Verkade et al 
As these examples demonstrate, more complex dimeric and larger structures 
can be formed with such ligands. Powell et al provide interesting examples of this with 
the ligand N(CH2COOH)2(CH2CH20H) and have structurally characterised an iron(M) 
dimer where the ligand co-ordinates through all three oxygen donor arms and the 
bridgehead nitrogen to one metal centre with the alcohol group bridging between the 
two metals'. Large polyiron(ffl) oxyhydroxide clusters were also shown to form in the 
presence of the ligand and Fe 17 and Fe 19 clusters co-crystallised, see Figure 1.3. The 
tripodal ligands were found to be on the outside of the oxyhydroxide core with eight 
and ten present in each structure respectively7 . 
Figure 1.3: 	Polyiron(ffl) Oxyhydroxidè Clusters, Fe 17 and Fe19 
In 
Other simple ligand systems include triisocyanide ligands and a large variety of 
phosphine derivatives with phosphorous present at bridgehead and/or as a donor atom 
on the chelating 'arms' 8-11 
1.3 	Siderophores and related Catechol ligands 
Siderophores are low molecular weight iron chelators which are utilised to 
overcome the low solubility of iron(HI) by microbial plant, and some higher, 
organisms", see Figure 1.4. The properties of high spin octahedral iron(ffl) have led to 
the evolution of a number of compounds containing three bidentate oxygen donor 
ligands, binding the ferric ion efficiently giving very high formation constants (log K f = 
49). Siderophores or their synthetic analogues could potentially be used for the 
treatment of iron metabolism disorders and a number of approaches have been 




Figure 1.4: 	Catechol Containing Siderophores: Enterobactin and Agrobactin 
Siderophores can be divided into three groups on the basis of structure; these 
are commonly the catecholates, hydroxamates and miscellaneous others. Catechol 
containing siderophores such as agrobactin and parabactin are tripodal ligands with 
three arms and nitrogen as the linking group ' 2 . Enterobactin is similar but with an 







Figure 1.5: 	Catechol Ligand Synthesised by Raymond and co-workers ('denotes 
the chiral centre) 
Attempts have been made to synthesise lipophilic enterobactin analogues for 
potential medical application 
13,15 The chirality of the system is important in the 
efficient binding of the iron(Ill) and hydrogen bonding which holds the ligand in a 
favourable conformation. Tripodal ligand complexes were synthesised as analogues of 
ferrichrome (which has a macrocycle as the linking group) with amino acids providing 
the chirality 14, see Figure 1.5. Studies have been undertaken to determine the effect of 
the chirality of such compounds on stability and to determine the stabilisation effect of 
non-bonded polar interactions using both enterobactins and chiral analogues ". Simple 
iron(IIT) sequestering agents which do not contain the catechol or hydroxamate groups 





Figure 1.6: 	Iron Sequestering Ligand Synthesised by Baret et al 
A number of simpler catechol containing tripodal ligands have also been utilised 
for metal complexation. An octahedral titanium(IV) complex was characterised bound 
r 
to all six catechol oxygens' 7  and efforts have been made to produce the unstable 
vanadium(V) complexes of catechol based ligands 
18• 
1.4 	Modelling of Metallo-biosites 
Tripodal ligands have been used to model and provide insight into a number of 
biological processes. Karlin and co-workers have been interested in the study of 
binding of dioxygen to transition metals in particular copper containing systems '923 . A 
number of proteins utilise copper-dioxygen interactions for example; for reversible 02 
binding (haemocyanin) or oxidation of organic substrates. 
"I-0/ 
)n 
Figure 1.7: 	Ligands Synthesised by Karlin et al (m=0-3, n=0-3) 
Copper(I) complexes of the potentially tetradentate ligand [tris-(2-
pyridyl)methyllamine (n=3) were prepared 19, see Figure 1.7. The ligand was of interest 
as it had been demonstrated to form non-planar complexes of copper(I) and 
copper(ll). Complexes of copper(I) of the form [CuL(X)]' were characterised where L 
is the pyridyl tripod ligand and X=RCN, PPh3 or CO. Structurally characterised 
complexes showed that the co-ordination was dependent on the ligand X. Where 
X=PPh3  a four co-ordinate pseudo-tetrahedral complex was observed where the metal 
centre was co-ordinated to two of the pyridines, the bridgehead nitrogen and PPh 3 , 
however in the case where X=MeCN a pentaco-ordinate geometry was observed, the 
metal co-ordinated to all four nitrogen donors from the ligand and MeCN. Reaction of 
the complex [CuL(MeCN)] with 02 gave a product [(CuL) 202] 2  with a 1,2 peroxo 
bridge between the two copper(H) centres. 
7 
Analogues of the above ligand system have been prepared with quinolyl groups 
or imidazolyl groups replacing some or all of the pyridyl groups in the ligand 20 ' 23 . 
Studies were carried to determine the effect on the properties of the complexes with 
the modified ligand systems. The tripod consisting of all three quinolyl donors yielded 
a four co-ordinate copper(I) complex where the metal centre was bound only to the 
four nitrogen donors from the ligand, this probably resulted from the increased steric 
bulk from the quinolyl 'arms'. The systems containing the imidazole donor ligands 
were possibly of greater biological interest as many active sites of copper containing 
enzymes show histidine/copper ligation. The copper(I) complex containing one 
methylimidazolyl and two pyridyl 'arms' again showed a different mode of co-
ordination. This time a dimeric structure was observed with each copper in an 
identical ligation site bound to the two pyridyl groups and bridgehead nitrogen from 
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Figure 1.8: 	Co-ordination of copper(][[) in galactose oxidase and Ligand 
Synthesised by Fenton et a! 
As previously mentioned there is also much interest in creating models for 
galactose oxidase, an enzyme containing a mononuclear copper site which is essential 
to the catalysis of a two electron transfer reaction in the oxidation of primary alcohols 
to aldehydes. The X-ray crystal structure of galactose oxidase has been determined. 
The active site consists of square pyramidal co-ordination at pH 4.5 with the square 
plane consisting of two histidine nitrogens, a tyrosine oxygen and an acetate oxygen, 
with a tyrosine oxygen in the final co-ordination site, at pH 7.0 the acetate ion is 
shown to be replaced by a water molecule 24 . 
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Figure 1.9: 	Ligand Used by Palaniandavar et al 
A tripodal ligand with a linking nitrogen, two pyridyl 'arms' and one phenolate 
'arm' was designed to co-ordinate to copper providing similar donor atoms to the 
active site by Fenton et al 
24,25  see Figure 1.8. However an initial structural 
determination showed a dimeric structure with copper(ll), [(CuL) 2] 2 with distorted 
square pyramidal geometry, with the square plane consisting of the bridgehead 
nitrogen, one pyridine arm and two phenolate oxygens, one from each ligand which 
bridged the two copper centres, and the second pyridine completing the co-ordination. 
This contrasted with the co-ordination observed by Palaniandavar et al when a nitro 
group had been introduced para to the phenol oxygen in the ligand, see Figure 1.9, 
giving the monomeric complex [(CuL)Cl] in reaction with copper(H)
26. In this case the 
distorted square pyramidal geometry has two pyridines, a chloride and the bridgehead 
nitrogen as the base, with the phenolate completing the co-ordination. Palaniandavar 
also studied a number of related ligands containing phenolate and benzimidazole 
'arms', however no complexes were structurally characterised 26. Fenton also produced 
copper(III) complexes of the ligand containing the nitro group para to the phenolate 
with thiocyanate or acetate completing the co-ordination. The structures of these 
copper(H) complexes however still did not display the required apical co-ordination of 





Figure 1.10: Tripod Benzimidazole Ligand (R=H, Me, Et) 
Related tripod benzimidazole ligands have also been utilised to model oxo 
bridged diiron(ffl) cores in proteins 27 '28 , see Figure 1.10. These systems are of 
importance due to benzimidazole ligands which more accurately imitate the histidine 
imidazoles bound to the iron centres in some iron proteins. Richardson et al 
characterised an oxo bridged iron(ffl) complex 28  with this ligand of the form, 
[(FeLC1)20]21. The iron(llI) centres were bound to all four nitrogen donors from the 
ligand and one chloride with the oxo group bridging the two metal centres. The diiron 
cores of many oxo bridged proteins such as methhaemerythrin also contain bridging 
carboxylate groups. Wang et al used the same tripodal benzimidazole ligand with N 4 
donor se  t27  to synthesise complexes of the form [(FeL) 2(RCO2)0] 3t Again each 
iron(Ell) centre was bound to all four nitrogen donor atoms from the tripodal ligand 
system but this time the metals were bridged by both an oxo group and a carboxylate. 
, k;~ ' r H 
Figure 1.11: Ligand Formed by Reaction of tren and salicylaldehyde 
The synthesis of polymetallic systems containing manganese to imitate the 
action of the water oxidising metalloenzyme Photosystem H has been investigated by a 
number of groups. The information available on the Photosystem II active site 




bridges, ligated by oxygen and or nitrogen donors, and probably contains three 
manganese (ifi) and one manganese(IV) centres. Tripodal ligating systems have 
produced some polymanganese complexes 29. The ligand obtained from the 
condensation of tren and salicylaldehyde, see Figure 1. 11, produces a manganese(ffl) 
cubane on reaction, of the formulation [Mn 402L2]21 . Two independent environments 
were observed for the manganese(ffl) ions with an N05 and a N 303 donor set. The 
tris[(2-pyridylmethyl)] amine ligand was used to form manganese complexes by 
Gultneh et al30 and Hodgson et a1 31 . Gultneh characterised an eight co-ordinate 
manganese(II) mononuclear complex [Mn(L)2] 2 , which was co-ordinated to all four 
nitrogen donors from each ligand. Hodgson et al structurally characterised a 
manganese(ffl,IV) dimer, [Mn2(L)2(0)2] 3 , with each manganese ion bound to all four 
nitrogen donors from the ligand and the two oxo groups bridging the metal centres. 
1.5 Complexes of Group 13 Metal Ions 
Kinetically inert complexes of gallium(ffl) and indium(M) are of clinical 
importance due to the potential use of their radioisotopes for imaging applications. 
Strong chelators of aluminium(111) could have applications in the treatment of 
aluminium overload. There are a number of criteria such complexes and chelating 
ligands must meet. In general both the free ligand and the its complexes must be water 
soluble, however if the ligand is to pick up a metal ion in vivo it must be able to cross 
cell membranes. Thus the the ligand cannot have charged functional groups in solution 
at physiological pH and the complex must be neutral. 
Figure 1.12: Reduced Ligand from Condensation of Salicylaldehyde and tren 
(R=H, Cl, Br) 
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Tripodal ligands have been used to form kinetically inert complexes of the 
group 13 metals. High binding constants have been determined with multidentate 
'hard' ligands and in particular the phenolate moiety is shown to be strongly co-
ordinating. The Schiff base tripodal ligand formed by reaction of tris(2-
aminoethyl)amine with salicylaldehyde was used by McKenzie et alto form a stable 
presumed six co-ordinate complex with gallium(ffl) 32 . However the imine(C=N) 
linkage is believed to hydrolyse under in vivo conditions. More recently Orvig et al 
produced the same ligand in the reduced form, see Figure 1.12, and structurally 
characterised the complexes of all three metals 33 '34 . Different co-ordination to the 
potential N403  ligand was exhibited, aluminium(M) was six co-ordinate with the 
aluminium bound to an N303 donor set with the bridgehead nitrogen protonated and 
unco-ordinated34. Gallium(ffl) was co-ordinated to an N 402  donor set with one of the 
phenol oxygens protonated and unco-ordinated in this case. The larger ionic radius of 
the indium(Ill) gave formation of a neutral complex where the indium was co-
ordinated to all seven donor atoms with an N403 donor set. 
Figure 1.13: Ligand Synthesised by Roundhill et al 
Roundhill et al produced a ligand formed by the reaction of cis-
cyclohexanetriamine with salicylaldehyde, and subsequent reduction of the imine 
bonds35 '36, see Figure 1.13. The cyclohexane moiety acts as the bridging group. 
Aluminium, gallium and indium complexes were prepared. The structure of the 
aluminium(ffl) complex showed the metal cation co-ordinated to all six donors in the 
N303  cavity. A neutral compound had been formed that was both water soluble and 
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showed lipophillcity36. The gaffium(ffl) and mdium(ffl) complexes were also 
synthesised showing identical co-ordination with a variation in bond lengths. 
Experiments were carried out to demonstrate that the co-ordinated metal centres did 
not undergo exchange with other metal ions. 
1.6 	Complexes of Lanthanoids and Actinoids 
Tripodal complexes of the f-block elements have created a lot of recent interest 
in a number of different fields including application as magnetic resonance contrast 
agents, luminescence properties, selective complexation and unusual co-ordination. 
Orvig et al used similar N 403 ligands for studies of lanthanoid co-ordination to 
those used to complex the group ifiA meta1s 3739. Such ligands had been previously 
utilised for the complexation of lanthanoids by Malek et a! in 1981 but no X-ray crystal 
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Figure 1.14: Structural Types of Lanthanoid Complexes Synthesised by Orvig et al 
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Seven co-ordination in lanthanoids is relatively rare and normally only 
encountered when sterically demanding ligands force a decrease in co-ordination 
number 37 . There are even fewer known examples of heptadentate ligands co-ordinating 
any metal centre to give seven co-ordination. Orvig and co-workers managed to 
crystallographically characterise such a compound with a ligand produced from the 
condensation of acetylacetone with tren. The ytterbium(ffl) complex was produced in 
anhydrous conditions and the metal centre co-ordinated to all three imine nitrogen 
donors, the three oxygen donors and the bridgehead nitrogen 37 . 
Reduced Schiff base ligands produced from the reaction of tren with 
functionalised salicylaldehydes, see Figure 1. 12, were also used to produce complexes 
of the lanthanoids with a view to the application of lanthanoid complexes as magnetic 
resonance contrast agents. The 3-substituents on the rings were methoxy groups but 
they did not participate in metal complexation hence an N 403 cavity was available. 
Three types of complexes were identified dependent on conditions of preparation 39, see 
Figure 1.14. The first type shows co-ordination to all three phenolic oxygens of two 
ligands giving a complex cation of the formula [Ln(LH3)2] 3  in which the lanthanoid is 
six co-ordinate, The second, [LnLH3](NO3)3 shows a nine co-ordinate lanthanoid ion 
again bound to the 03 donor set of the ligands with nitrate anions completing the co-
ordination sphere and the third, [LnL] 2, showed two eight co-ordinate metal centres 
bound in the N403  cavity and one of the phenolic oxygens in each LnL unit bridging to 
the other metal centre to form a dimeric structure. 
Jnj 
Figure 1.15: Tris(pyrazol-1-yl) type Ligand Synthesised by McCleverty et al 
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Europium(1111) complexes with ligands containing aromatic nitrogen donors are 
of interest for their luminescence properties. McCleverty et al synthesised a substituted 
tris(pyrazol-1-yl)hydroborate ligand, see Figure 1.15, the pyridine substituent giving 
the ligand an N3N3 cavity41 . The europium(ffl) ion is nine co-ordinate bound to all six 
nitrogen donors from the ligand, two methanol ligands and one fluoride. Distorted 
geometry and bond length were observed due to the steric constraints of the ligand. 
The luminescence spectrum however was found to be not as well resolved as for a fully 
encapsulated cryptand complex and it was suggested that partial deactivation of the 
excited state occured via exchange of the co-ordinated solvent molecules. 
Tripodal ligand systems have also been used as part of a strategy to form 
selective metal complexation agents. Design of such agents is based on two basic 
principles; a ligand cavity of appropriate size and orientation of the donor atoms, and 
appropriate donor atoms for the target metal ion. Raymond and co-workers have 
looked specifically at chelators for oxo cations such as the vanadyl and uranyl 
cations41 . 
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Figure 1.16: Ligand Designed for the Complexation of the Uranyl Cation 
The adopted strategy was to attempt to use the oxo group to provide additional 
bonding and thus increase the selectivity. Such a complexation agent, see Figure 1. 16, 
could be used to isolate uranium(VI), present as the oxo species, from sea water but 
high selectivity would be necessary due to high concentrations of other cations. The 
tripodal ligand which was designed contained a protonated bridgehead nitrogen and 
three arms with carboxylate substituted phenyl rings. Thus it was expected that the 
uranyl cation would be bound to all six carboxylate donors and a hydrogen bond 
formed using the ammonium hydrogen and the oxo group. Solvent extraction 
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experiments showed favourable ratios of extraction of aqueous uranyl into a 
chloroform solution of the ligand. 
Uranium(IV) and thorium (IV) complexes of the tren related sterically 
demanding ligand N(CH 2CH2NSiMe3)3 have been synthesised in an effort to produce 
unusual reactivity at the metal centres 43 '. A chioro bridged dimer of formula [ULC1] 2 
was formed with each metal bound to all four nitrogen donors of the ligand and 
bridged by the two chlorines 43 . Further reactions of this compound showed the dimer 
could be broken down and the co-ordination site filled with, for example, 
cyclopentadienyl or THE 
1.7 Amine/Thio Donor ligands 
Interest in mixed sulphur/nitrogen donor ligands has resulted from the 
discovery of nickel-sulphur and -nitrogen bonds at enzyme active sites. Thus research 
has been carried out to investigate the structure and electrochemical properties of such 
complexes using mixed amine/thio tripodal ligands. 
XS NH2) 3 	XNH2) 3 
Figure 1. 17: Mixed N/S Donor Ligands Synthesised by Bharadwaj et al 
(X=N or CH3C) 
Ligands with S 3N3  donor sets, consisting of three thioether sulphurs and three 
primary amine nitrogens, were synthesised by Bharadwaj et al with either nitrogen or 
carbon as the linking atom for the three 'arms'
45,46, see Figure 1.17. The nickel(III) ions 
were shown to be bound octahedrally to all six donor atoms in the S 3N3 cavity 
independent of the linking atom 45 . However phenyl rings were introduced in the alkyl 
chain of each arm to increase the rigidity to observe if the co-ordination was affected, 
in this case the ligand was no longer bound to all three 'arms' of the ligand but to the 
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bridgehead nitrogen, the sulphur and nitrogen donors from two 'arms' and a 




Figure 1.18: Mixed N/S Donor Ligand Synthesised by Das et al 
Unusual co-ordination to nickel(ll) was also displayed by a different nitrogen 
sulphur tripod ligand47 , with thiophenes providing the sulphur donors, see Figure 1.18. 
The order of the donors of the three 'arms' attached to the bridgehead nitrogen was 
reversed from the previous example giving an N 3 S3 cavity. However the X-ray crystal 
structure determination of the nickel(H) complex showed co-ordination via the three 
imine nitrogens, the bridgehead nitrogen, and an acetonitrile and water molecule. No 
co-ordination was observed to the thiophene sulphurs. It is of interest to note that the 
lengths of the imine nitrogen-nickel bonds are very similar to that to the bridgehead 
nitrogen. In most other cases with tripodal ligands the bond length of the metal centre 
to bridgehead nitrogen has been observed to be longer. 
1.8 	Stabilisation of Unusual Oxidation States 
Some examples of the stabilisation of unusual high and low oxidation states by 
encapsulating tripodal ligands have previously been mentioned. This is more widely 
encountered in macrocycic chemistry but examples also exist from metal centres 




Figure 1.19: Ligand Utilised by Whitcombe et al 
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A ligand containing an N6  donor set of six amine nitrogens was prepared by 
Whitcombe et alto stabilise nickel(III) in solution, see Figure 1.19. A nickel(II) 
complex was initially prepared and found to be co-ordinated as expected in an 
octahedral arrangement to all six nitrogen donors from the ligand. The nickel(ffl) 
species was moderately stable and could be generated electrochemically or by 
oxidation with S2082- . It was suggested that in the case of oxidation with thiosulphate, 
structural modification occurred in the nickel(ffl) complex where some of the ligand 
donors were substituted by sulphate anions. 
The tren/salicylaldehyde ligand, see Figure 1.11, was used to form stable 
complexes with vanadiumUH)49. This resulted in a six co-ordinate vanadium(Ill) 
complex with a rare N 303  co-ordination sphere bound to the three imine nitrogens and 
three phenolic oxygens, similar to previously characterised manganese(ffl) and 
iron(Ill) complexes of this ligand. 
1.9 	Poly-bipyridine and -bipyrazine Ligands 
A number of tripodal and macrobicydic ligands containing 2,2'-bipyridine have 
been synthesised as ruthenium(ll) complexes to study properties of the relatively long 
lived MLCT state which enables these complexes to sensitise photoinduced electron 
transfer and energy transfer processes. 
Ruthenium(H) complexes of such ligands have been of interest because 
luminescent or photosensitive complexes must be stable to photodecomposition, and 
this is achieved by linkage of the bipyridine units. Balzani et al synthesised such a 
compound5°  and the closed cryptand equivalent with a phenyl ring as the linking group, 
see Figure 1.20. Stability data were available for the mononuclear ruthenium(II) cage 
complex relative to [Ru(bipy) 3] 2  and showed the stability of the cage complex to 
photodecomposition to be 104  times higher than that of [Ru(bipy) 3] 21  . The related 
ligand with three 2,2'-bipyridyl and a linking amine nitrogen has also been synthesised 
by Lehn et a15 ' with a view to applications in photocatalysis such as the photochemical 
reduction of CO2. The mononuclear complex was synthesised where the ruthenium(II) 
was co-ordinated to all three bipy groups in the ligand and a trinuclear complex was 
also synthesised, {(Ru(bpy)2)3L], where each ruthenium was co-ordinated to one bipy 
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from the tripod and two free bipy ligands. Tripodal 2,2-bipyridyl ligands have also been 
shown by Lehn and co-workers to complex copper(1) metal ions 52 . 
Figure 1.20: Ruthenium(TI) Complex of a Poly-bipyridine Ligand Synthesied by 
Baizani et al (R= -CH2Ph, X= -0C 2H5) 
Also of interest for their luminescence properties are complexes of lanthanoids 
which have been previously discussed in section 1.6. The first example of a tripodal 
2,2'-bipyrazine ligand was prepared with a nitrogen linking the three 'arms', see Figure 
1.21. Complexation reactions with europium(III) and terbium(ffl) were performed and 
luminescence studies carried out on the europium complex". 








1.10 Unsymmetric and Chiral Tripodal Ligands 
Examples of ligands with different 'arms' for co-ordination have already been 
discussed. Examples are the model systems for haemocyanin and copper-02 binding 
centres, in the case of Fenton's compounds to provide an appropriate donor set for the 
model complex 24,25 
Li 
Figure 1.22: Ligand Synthesied by Vahrenkamp with Three Different 'Arms' 
Ligands have also been synthesised with three different 'arms' for use for 
example in asymmetric organometallic catalysis and enzyme modelling. Vahrenkamp 
and Abufarag studied the zinc(H) complexes of an N 30 donor ligand, see Figure 1.22. 
The ligand contains two tertiary amine nitrogens (one the bridgehead), a pyridine 
nitrogen and phenol oxygen. The five co-ordinate zinc(H) complex was bound to all 
four donor atoms from the ligand and 2,4-dibromophenol occupying the fifth site 54. 
Figure 1.23: Variation of pH varies the co-ordination mode to the copper(H) 
centre 
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An unsymmetric tripod was also structurally characterised by Fenton et a! 55 
when partial hydrolysis of a symmetric ligand occured on reaction with copper(ll), see 
Figure 1.23. The initial liganci was oasea on tne reacuon oi Lyon wim 4- 
hydroxyacetophenone, in the presence of copper(H) two of the imine bonds were 
hydrolysed giving the ligand a potential N40 donor set. The X-ray structure 
determination showed a planar four co-ordinate copper(II) centre bound to a primary 
amine nitrogen, an imine nitrogen, the bridgehead nitrogen and the phenolic oxygen, 
with the unco-ordinated amine protonated. In basic conditions the amine 'aim' was 





Figure 1.24: Further Examples of Unsymmetric Tripodal Ligands 
Further examples of such ttipods 558  with reduced symmetry include ligands 
with mixed phosphine and oxygen donor 'arms' used to complex manganese(I) and 
mixed pyridine/amine donor sets, see Figure 1.24. 
1.11 Formation of Cryptands from Tripodal Ligands 
Stepwise syntheses of cryptand ligands often involve the isolation of a tripodal 
ligand or complex en route to the target product. Similarly, characterised tripodal 
ligand systems can be reacted further to provide a bicyclic cryptand. 
Syntheses of metal free cryptand ligands are uncommon due to the potential 
for polymerisation and low yields, template ions are often employed to raise yields and 
remove the necessity for high dilution conditions. Gagné and co-workers synthesised 






2,6-diformyl-4-methylphenol in the ratio 2:3, see Figure 1.25. The approach involved 
initial synthesis of a tripodal ligand by condensation of three equivalents of 2,6-
diformyl-4-methylphenol with one of tren. This tripodal ligand was isolated and then 
reacted with a further equivalent of tren in the presence of sodium nitrate to form the 
Figure 1.25: Ligand Synthesised by Template Procedure by Gagné et al 
target cryptand. The complex [NaLH 3] 4 was then reacted with a first row transition 
metal to replace the sodium ion followed by deprotonation and reaction with another 
equivalent of metal salt to give the final product, [MAMI3LI2+. 
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Figure 1.26: Ligands with Dissimilar Co-ordination Sites Synthesised by Bharadwaj 
et al 
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The previous example demonstrated the formation of a symmetric cryptand 
ligand where the two cavities available for co-ordination to metal ions contain identical 
donor sets. However the advantage of further reacting tripodal ligands to form 
cryptands is the formation of a ligand with dissimilar donor atom sets at each side of 
the ligand. An example of this is the formation of the tripod with a nitrogen bridgehead 
atom, ether linkages and an aldehyde group at the end of each 'arm' which when 
reacted with tren in the presence of a caesium template ion and reduced forms a 
cryptand with five amine nitrogen and three ether oxygen atoms as potential donors 60 , 
see Figure 1.26(A). 
Bharadwaj et al again employed the same method to form cryptands containing 
thio-ether linkages 61  in addition to the amine and ether linkages, see Figure 1.26(B). 
First row transition metal complexes were synthesised and spectroscopic studies were 






2.1.1 Template vs. Direct Ligand Synthesis 
Macrocycic and macroacycic ligand synthesis can be divided into two main 
approaches. Template syntheses, where ligand formation is affected by the presence of 
a metal ion acting as a template and direct syntheses involving ligand formation by an 
organic reaction which has no dependence on the presence of a metal ion. 
Thompson and Busch 62  identified two possible roles for the metal ion in the 
template reaction of macrocycle formation. These have been termed the 
thermodynamic template effect and the kinetic template effect. In the former it is 
suggested the metal binds to the ligand removing it from an equilibrium between 
products and reactants hence shifting the position of the equilibrium. The kinetic 
template effect implies a steric effect on the condensation reaction to give a particular 
product. This is a simplification of the role of the metal ion which may effect ligand 
formation in a number of ways simultaneously. Other possibilities include the activation 
or protection of functional groups which are present in the reactants. 
Direct syntheses must be performed under appropriate conditions if the desired 
product is to be synthesised in a reasonable yield. Polymeric product can often result 
and dilution can be a significant factor in any such condensation reactions 63 . 
These two synthetic procedures have been introduced separately but some 
ligand synthesis procedures are multistep reactions with some template and some non-
template steps. 
2.1.2 Ligand Types 
The ligands described in this chapter have all been synthesised using the direct 
approach. They include both macrocycic and tripodal macroacyclic ligands. 
The macrocycic ligand that is utilised was originally synthesised by Robson 
and Pilkington in 197064,  see Figure 2.1. It was first synthesised as a metal complex by 
a template condensation around nickel(H) or copper(ll). The majority of the reports of 
complexation reactions with this ligand system have been the formation of 
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homobinuclear transition metal complexes. Heterodmuclear complexes have been 
produced by an alternative stepwise template synthesis of the ligand. The free ligand 
was first produced in a reasonable yield by Schröder and co-workers in 199365.  This 
synthetic procedure is adopted to form the original Robson macrocycle and alkylated 
derivatives. 
Figure 2.1: 	Free Robson Macrocycle in Protonated Form, [L 3H4] 2 where R=H and 
[L4H4] 2 where R=Me 
Another aim of the work described in this chapter was to synthesise tripodal 
macroacycic ligands. These compartmental ligands are designed to contain two 
dissimilar co-ordination sites or compartments. Such systems have previously been 
utilised to produce heterodinuclear complexes. Our approach was to synthesise the 
metal free ligand, complex to one metal centre and then react further after 
characterisation of the initial complex. 
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Figure 2.2: 	N,N' -ethylene-bis(3-carboxysalicylideneimine), Synthesised by Okawa 
et al 
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Okawa synthesised the open chain Schiff base ligand N,N'-ethylene-bis(3-
carboxysalicylideneimine) , see Figure 2.2, and formed heterobimetallic species by such 
a procedure 66-61. In each case the ligand/transition metal complex was initially isolated. 
Cobalt(ll)-lanthanoid(Ill) and copper(II)-lanthanoid(ffl) complexes of this ligand have 
been synthesised. Co-ordinative selectivity would be demonstrated in this case due to 
the oxophilic nature of the lanthanoid ion. 
Fenton and Vigato have synthesised a similar ligating system with two 
cavities 69 , see Figure 2.3, This ligand is shown as the more stable alkenyl tautomeric 
form. 
Figure 2.3: 	Ligand Synthesised by Fenton, Vigato et al 
Tripodal Schiff base ligands based on the reaction with tris(2-aminoethyl)amine 
have also been synthesised. This effectively adds another dimension to the previously 
mentioned systems. The first report was by Broomhead and Robinson in 1968 70 , 
reaction with salicylaldehyde producing a potentially heptadentate ligand. The 
compartment contains an N 303 cavity with a possibility for further interaction with the 
bridgehead nitrogen atom. 
This ligating system only contains one cavity for metal co-ordination. The 
initially reported iron(III) complex was later structurally characterised by Mackenzie 32 
showing an essentially octahedral species. This ligand system and functionalised 
derivatives were more recently utilised by Orvig an co-workers in the attempted 
synthesis of seven co-ordinate lanthanoid complexes 3739 . 
27 
The approach we have adopted is to synthesise compartmental ligands similarly 
based on the tris(n-aminoalkyl)amine condensation with aldehyde or ketone functional 
groups. However by using further funtionalised phenols than salicylaldehyde, similar to 
those used by Okawa and Vigato in their 'two dimensional' compartmental ligands we 
can synthesise a ligand with a much larger donor set and two very different sites for 
metal complexation. In such systems further ligand modification may also be carried 
out due to the presence of reactive functional groups. 
The ligand systems described in this chapter are all based upon 2,6-
difunctionalised phenols, see Figure 2.4. Aldehyde or ketone functionality is present at 
both these positions and can react with an amine in a Schiff base condensation to form 
the ligand. 
Figure 2.4: 	2,6-Difunctionalised Phenol, R'=Me and R 2=H or Me 
The condensation reaction to form the imine bond in this case takes place 
between a primary amine and an aldehyde or ketone group. The stabilising effect of the 
aryl group helps prevent decomposition. The ketone group will react significantly more 
slowly than the aldehyde equivalent. 
28 
2.1.3 Aims 
The aim of this work was to synthesise the previously characterised Robson 
macrocydic ligand and alkylated derivatives in the free ligand form and to synthesise a 
series of tripodal ligands based on tris(n-aminoalkyl) amine. 
In particular we were interested in synthesising compartmental ligands with a 
large number of available donor groups for use in later complexation studies. 
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2.2 Results and Discussion 
2.2.1 Synthesis of C 39H54N409 , L'H3 
Three equivalents of 2,6-diformyl-4-methylphenol were reacted with one 
equivalent of tris(2-aminoethyl)amine, tren, in methanol at 40 °C forming a yellow 
solution. Concentration of this solution after addition of a few mis of dimethyl 
suiphoxide resulted in formation of large brown/yellow crystals. Single crystals could 
be obtained by use of slower evaporation techniques. Structure determination revealed 
a tripodal ligand, L'H3 where one of the two aldehyde groups had reacted with tren to 
form an imine bond and the other with solvent to form an acetal. 
If further equivalents of tris(2-aminoethyl)amine are used the same product still 
results. Three equivalents of 2,6-diformyl-4-methylphenol were reacted with two 
equivalents of tris(2-aminoethyl)amine under the same conditions as above. This 
resulted in production of L' and unreacted tris(2-aminoethyl)amine. 
Acetal formation takes place on reaction of the aldehyde group with alcohol, in 
this case the solvent methanol, see Figure 2.5. Acid catalysts are often used in the 
formation of acetals and ketals. It is a reversible reaction which is catalysed in both 
directions by acid and neither by base. In general acetals and ketals are quite stable to 
base. 7 ' 
Aldehydes are easily converted to acetals but with ketones the conversion is 
harder to achieve. This is presumed to be for steric reasons. 
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Figure 2.5: 	Mechanism for Acetal Formation 
Imine bonds which are normally susceptible to hydrolysis by 0H or attack and 
cleavage by nucleophiles may be protected by binding to a metal or a proton. Of the 
many large Schiff base ligand systems reported in the literature many have been 
synthesised by template methods rather than metal free 72 ' 7778 due to the instability of 
the imine bond. 
In the case of the tripodal ligand we have synthesised, the phenolic proton will 
be bound between the imine nitrogen and the phenolic oxygen. This proton gives 
increased stability of the Schiff base linkage against cleavage reactions. It may also be a 
contributory factor in the lack of success in forming further Schiff base linkages 
without the presence of a templating metal ion. There will be no available proton to 
stabilise any further linkages. Nelson and co-workers attempted to synthesise the metal 
free cryptand equivalent 73  with no reported success providing further evidence for this 
argument. 
One of the first reports of a macrocycic Schiff base ligand formed by a metal 
free reaction was in 1980 showing that such reactions are a relatively recently utilised 
method of ligand synthesis. Tasker produced a range of macrocycic and linear metal 
free Schiff base ligands 74 , see Figure 2.6. Factors which were found to be important in 
the reaction were choice of reaction conditions and solvent but also the potential for an 
intramolecular hydrogen bond which stabilised the imine bond. The series of 
macrocycic ligands produced and structurally characterised all showed retention of the 
planar hydrogen bonded unit in the solid state involving the aniline group and the mime 
nitrogen. 









Figure 2.6: 	Series of Ligands Synthesised by Metal Free Template by Tasker et al, 





An example of the intramolecular nucleophilic attack of an imine bond 
contained within a macrocycle was observed by Martell in 199075.76,  see Figure 2.7. 
The ligand was once again synthesised by a non-template procedure. The secondary 
amine nitrogen on each side of the macrocycle attacks one of the imine nitrogens 
forming two imidazolidine rings. It was shown by NMR studies that the two isomers 
existed in solution. The crystal structure gave the ring contracted species which was 
suggested to be the thermodynamically prefered. 
(NH 	HN 
NN 
Figure 2.7: 	Intramolecular Nucleophilic Attack 71,76 
Analysis was carried out on ligand L'H 3. The i.r spectrum of the product 
shows a band due to the imine stretching vibration at 1636cm 1 . This is shifted from the 
two aldehyde C=O stretching vibrations of 2,6- diformyl-4-methylphenol, for which 
two bands occur at 1686 and 1665cm'. The absence of any C=O band suggests all the 
aldehyde groups not reacting to form imine bonds have also reacted further in some 
way. 
F.a.b. mass spectrometry does not give a molecular ion peak. It does however 
show major peaks at mlz=691, 659 and 627. These can be assigned respectively as 
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[L'H3] with the loss of one methoxy group, [L'H 3] with the loss of two methoxy 











Figure 2.8: 	Formation of Ligand, L 1 H3 
The 'H n.m.r. spectrum was run of a crystalline sample of L' measured at 298K 
in CDC13  is shown in Figure 2.9. Each major resonance can be assigned to a unique 
proton environment. 
Table 2.1: 	Assignment of 'H NMR Spectrum of L 1 H3 
62.08ppm Ph-CH3 9H singlet 
62.8 lppm C-CH2-N 6H triplet 
63.37ppm C-(OCH3 )2 18H singlet 
63.47ppm N-CH2-C 6H triplet 
65.69ppm Ph-CH-(OMe)2 3H singlet 
65.89ppm Ph-H 3H doublet 
67.35ppm Ph-H 3H doublet 
67.76ppm Ph-CH=N 3H singlet 
—614.2ppm Ph-OH 3H broad singlet 
A single crystal X-ray structure determination of L'H 3 was undertaken to show 
the conformation of L 1 H3  in the solid state and to confirm the expected structure. 
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Figure 2.9: 	1 H NMR of L'H3 
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2.2.2 Single Crystal X-ray Structure of L'H 3, 1 
Yellow tablets of L 1 H3 were obtained from the slow evaporation of a 
methanolic solution of the ligand to which a few drops of dimethyl suiphoxide has been 
added. Details of the structure solution and refinement are given in the experimental 
section. Selected bond lengths and angles are presented in Tables 2.2 and 2.3. Two 
views of the molecular structure are given in Figures 2.10 and 2.11. 
A non crystallographic three fold (C 3) axis is present through N(1), the 
bridgehead nitrogen, see Figure 2.11. Orientation is such that the planes between the 
rings are at approximately 1200.  The three 'arms' of the ligand form a cavity into which 
the lone pair on the nitrogen N(1) points. The conformation in this structure shows no 
preorganisation of the ligand to metal complexation. The potentially co-ordinating 
oxygen and nitrogen atoms are pointing away from the central cavity. 
Table 2.2: 	Selected bond Lengths (A) for 1 
N(1)-C(14) 1.447(4) C(18)-C(19) 1.400(4) 
N(1)-C(1) 1.448(4) C(19)-C(20) 1.361(4) 
N(1)-C(27) 1.457(4) C(19)-C(24) 1.598(5) 
C(1)-C(2) 1.504(4) C(20)-C(21) 1.375(4) 
C(2)-N(2) 1.449(3) C(21)-C(22) 1.395(4) 
N(2)-C(3) 1.259(3) C(21)-C(23) 1.490(4) 
C(3)-C(4) 1.456(4) C(24)-0(5) 1.446(5) 
C(4)-C(5) 1.381(4) C(24)-0(6A) 1.504(5) 
C(4)-C(9) 1.399(4) 0(5)-C(25) 1.355(5) 
C(5)-O(1) 1.337(3) 0(6A)-C(26) 1.324(5) 
C(5)-C(6) 1.409(4) C(27)-C(28) 1.510(4) 
C(6)-C(7) 1.365(4) C(28)-N(4) 1.451(4) 
C(6)-C(1 1) 1.539(4) N(4)-C(29) 1.281(4) 
C(7)-C(8) 1.378(4) C(29)-C(30) 1.434(4) 
C(8)-C(9) 1.370(4) C(30)-C(35) 1.386(4) 
C(8)-C(10) 1.494(4) C(30)-C(31) 1.393(4) 
C(11)-O(3) 1.398(4) C(31)-0(7) 1.336(3) 
C(1 1).0(2) 1.418(4) C(31)-C(32) 1.408(4) 
0(2)-C(12) 1.315(5) C(32)-C(33) 1.373(4) 
0(3)-C(13) 1.378(4) C(32)-C(37) 1.525(4) 
C(14)-C(15) 1.508(4) C(33)-C(34) 1.377(5) 
C(15)-N(3) 1.452(4) C(34)-C(35) 1.363(4) 
N(3)-C(16) 1.283(4) C(34)-C(36) 1.501(4) 
C(16)-C(17) 1.459(4) C(37)-0(8) 1.390(5) 
C(17)-C(18) 1.381(4) C(37)-0(9) 1.394(4) 
C(17)-C(22) 1.391(4) 0(8)-C(38) 1.261(6) 
C(l 8).0(4) 1.3 35(3) 0(9)-C(39) 1.337(5) 
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Figure 2.11: View of structure of L'H 3 
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Table 2.3: 	Selected Bond Angles (°) for 1 
C(14)-N(1)-C(1) 112.1(2) C(20)-C(19)-C(18) 119.7(3) 
C(14)-N(1)-C(27) 112.5(2) C(20)-C(19)-C(24) 125.8(3) 
C(1)-N(1)-C(27) 111.1(2) C(18)-C(19)-C(24) 114.4(3) 
N(1)-C(1)-C(2) 111.9(2) C(19)-C(20)-C(21) 122.9(3) 
N(2)-C(2)-C(1) 111.2(2) C(20)-C(21)-C(22) 117.0(3) 
C(3)-N(2)-C(2) 120.9(3) C(20)-C(21).C(23) 122.6(3) 
N(2)-C(3)-C(4) 123.2(3) C(22).C(21)-C(23) 120.3(3) 
C(5)-C(4)-C(9) 119.4(2) C(17)-C(22)-C(21) 121.5(3) 
C(5)-C(4)-C(3) 120.2(2) 0(5)-C(24)-0(6A) 98.0(3) 
C(9)-C(4)-C(3) 120.4(2) 0(5)-C(24)-C(19) 101.7(3) 
0(1)-C(5)-C(4) 121.6(2) 0(6A)-C(24)-C(19) 98.8(3) 
0(1)-C(5)-C(6) 119.0(2) C(25)-0(5)-C(24) 111.2(4) 
C(4)-C(5)-C(6) 119.4(2) C(26)-0(6A)-C(24) 108.7(4) 
C(7)-C(6)-C(5) 118.5(3) N(1)-C(27)-C(28) 111.6(2) 
C(7)-C(6)-C(1 1) 122.9(3) N(4)-C(28)-C(27) 109.2(2) 
C(5)-C(6)-C(1 1) 118.6(2) C(29)-N(4)-C(28) 119.6(3) 
C(6)-C(7)-C(8) 123.7(3) N(4)-C(29)-C(30) 123.0(3) 
C(9)-C(8)-C(7) 117.1(3) C(35)-C(30)-C(31) 119.3(3) 
C(9)-C(8)-C(10) 122.3(3) C(35)-C(30)-C(29) 120.1(3) 
C(7)-C(8)-C(10) 120.5(3) C(31)-C(30)-C(29) 120.6(3) 
C(8).C(9)-C(4) 121.9(3) 0(7)-C(31)-C(30) 121.7(2) 
0(3)-C(11)-0(2) 105.0(2) 0(7)-C(31)-C(32) 119.4(2) 
0(3)-C(11)-C(6) 106.4(3) C(30)-C(31)-C(32) 118.8(2) 
0(2)-C(1 1)-C(6) 108.9(2) C(33)-C(32)-C(31) 118.7(3) 
C(12)-0(2)-C(11) 113.3(3) C(33)-C(32)-C(37) 123.3(3) 
C(13)-O(3)-C(1 1) 113.1(3) C(31)-C(32)-C(37) 117.9(3) 
N(1)-C(14)-C(15) 111.1(3) C(32)-C(33)-C(34) 123.3(3) 
N(3)-C(15)-C(14) 110.5(3) C(35)-C(34)-C(33) 116.9(3) 
C(16)-N(3)-C(15) 120.6(3) C(35).C(34)-C(36) 123.3(3) 
N(3)-C(16)-C(17) 121 .7(3) C(33)-C(34)-C(36) 119.8(3) 
C(18)-C(17)-C(22) 119.7(3) C(34)-C(35)-C(30) 122.9(3) 
C(18)-C(17)-C(16) 120.0(3) 0(8)-C(37)-0(9) 104.4(3) 
C(22)-C(17)-C(16) 120.3(3) 0(8)-C(37)-C(32) 105.6(3) 
0(4)-C(18)-C(17) 122.4(3) 	 . 0(9)-C(37)-C(32) 104.3(3) 
0(4)-C(18)-C(19) 118.4(3) C(38)-0(8)-C(37) 119.6(4) 
C(17)-C(18)-C(19) 119.1(3) C(39)-0(9)-C(37) 116.4(4) 
The three 'arms' of the ligand were refined using a similarity restraint and no 
disorder was observed. No solvate molecules are included within the structure and 
there is no evidence of intermolecular hydrogen bonding interactions. The phenolic 
protons were not located but were fixed as forming a hydrogen bond to the imine 
nitrogen. No graphitic interactions were observed in the packing of the molecules. The 
C-OH phenol bonds of L'H3 , 1.335(3)-1.337(3)A are all slightly shorter than the C-
OH bond length in phenol of 1.36A- 
Crystals of ligand L'H 3 could only be obtained from a solution in methanol 
containing a small amount of dimethyl sulphoxide. It was postulated that this was due 
to an interaction of solvent with the ligand forcing conformational change and aiding 
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crystallisation. No molecules of dimethyl suiphoxide or methanol were found within 
the structure. 
Such conformational change on interaction with dipolar aprotic solvents was 
observed with an uncomplexed cryptand ligand studied by Tsubomura et al in 1993. 
The cryptand was obtained from the condensation of tris(2-aminoethyl) amine and 2,6-
pyridinecarbox-aldehyde in a 2:3 ratio in methanol. Recrystallisation was then earned 
out from methanol containing a small amount of dimethyl suiphoxide. The structure of 
the free ligand gave an unexpected conformation relative to the previously 
characterised sodium and barium complexes". Similar to our ligand structure, no 
solvent molecules are present. Tsubomura investigated the effects of dimethyl 
sulphoxide on the bariurn(H) complex of the ligand via 'H NMR studies. It was 
demonstrated that addition of dimethyl sulphoxide causes change of conformation 
driving out the complexed barium(II) ion. Similar effects were observed for other 
dipolar aprotic solvents. Dimethyl sulphoxide has previously been reported to interact 
with nitrogen atoms of the imino groups via dipole interactions . It is assumed this is 
the mechanism for conformational change. 
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Figure 2.11: View of L 1 H3 (down the non-crystallographic C 3 axis passing through 
Ni) 
ME 
2.2.3 Synthesis of C 39H45N406, L2H3, 2 
Three equivalents of 2,6-diacetyl-4-methylphenol were reacted with one 
equivalent of tris(2-aminoethyl) amine in methanol at 40°C forming a yellow solution 
and a yellow precipitate. The yellow precipitate was collected and further crops 
obtained on concentration of the solution. Recrystaffisation from dichloromethane/ 
diethyl ether diffusion gave orange crystals. 
If further equivalents of tris(2-aminoethyl)amine are used in this reaction 
intractable polymeric materials result. Varying the solvent and/or dilution conditions 
still gave the same result. 
The i.r spectrum of the product shows two close bands at 1658 and 1617cm 1 . 












Figure 2.12: Formation of Ligand, L 2H3 
vibrations would be expected to appear in this area. It is possible that the bands are 
masking each other. The band at 1658cm' is most likely to be the C=O stretching 
vibration as this will be higher in energy than that of C=N which usually occurs at 
around 1640cm'.There is a strong band present at 1530cm' which can be assigned to 
the C-O stretching vibration of the phenol. 
F.a.b. mass spectrometry shows a molecular ion peakat mlz=671 which is 
assigned to [L2H3JF .  An additional fragmentation peak is observed at m/z=629 
corresponding to loss of -COCH 3 . The elemental analysis is also in accordance with the 
structure. 
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The 'H nmr spectrum of a sample of L 2H3 measured at 298Kin CDC1 3 is shown 
in Figure 2.13. Each major resonance can be assigned to a unique proton environment. 
Table 2.4: 	Assignment of 1 H NMR Spectrum of L2H3 
62.1 lppm Ph-CH3 9H singlet 
62.24ppm N=C-CH3 9H singlet 
62.66ppm 0=C-CH3 9H singlet 
63.0 lppm N-CH2-CH2 6H triplet 
63.70ppm CH2-CH2-N 6H triplet 
67.1 2ppm Ph-H 3H doublet 
67.57ppm Ph-H 3H doublet 
614.25ppm Ph-OH 3H broad singlet 
The ' 3C DEPT nmr spectrum recorded at 298K can also be unambiguously 
assigned. The C=O resonance occurring at 200.Oppm and the C=N resonance at 
173. l5ppm. 
A reason for using the ketone phenol derivative in this analogous reaction to 
the synthesis of ligand L 1 H3 was to prevent acetal formation on reaction with alcohols; 
as previously discussed ketones are less reactive and thus ketals harder to form for 
steric reasons. Thus by design we can synthesise a ligand with three ketone groups and 
a different number of donor atoms available for complexation. 
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I 
Figure 2.13: 'H NMRofL 2H3 
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2.2.4 Single Crystal X-ray Structure of L 2H3, 2 
A single crystal of L 21­13 was obtained from dichioromethane/diethyl ether by 
vapour diffusion. Details of the structure solution and refinement are given in the 
experimental section. Selected bond lengths and angles are presented in Tables 2.5 and 
2.6 and a view of the structure is presented in Figure 2.14. 
Two crystallographically independent molecules of L 2H3 are present in the 
asymmetric unit. The organisation of the molecules in the solid state is in contrast to 
that shown by the ligand L'H 3 . Both inter- and intra-molecular graphitic interactions 
are observed. The phenyl rings on two of the arms in one molecule of L 2H3 line up to 
give an interaction. The third 'arm' takes part in an intermolecular interaction with the 
free arm on another molecule. The molecules pair up in this fashion, see Figure 2.15. 
The structure also contains 1.5 molecules of dichloromethane in the asymmetric 
unit. It is of interest to note the rotation around the Ph-CO bond resulting in the 
ketone functionality being oriented to point in the opposite direction from the phenolic 
oxygen. There is also some disorder in the ketone oxygen positions suggesting facile 
rotation. 
The two aromatic rings that are involved in an intramolecular interaction give a 
dihedral angle between the calculated planes of the rings of 4.3° and the distance 
between the centres of gravity of the two planes is 3.67A. This can be compared to the 
separation between the layers in graphite of 3.35k As with L'H 3 , the C-OH phenol 
bonds of L2H3 , 1.227(7)-1.318(6)A are all shorter than the C-OH bond length in 
phenol of 1.36A. This could be attributed to the effects of delocalisation. 
The orientation of the molecule minimizes any lone pair lone pair interactions 
between the imine nitrogens. No interactions are observed with the included solvate 
molecules. 
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Figure 2.15: Crystal Packing of L 2H3 
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Table 2.5: 	Selected Bond Lengths (A) for 2 
N(1)-C(27) 1.454(7) C(18)-C(23) 1.421(8) 
N(1)-C(14) 1.458(7) C(19)-C(20) 1.374(8) 
N(1)-C(1) 1.462(7) C(20)-C(21) 1.380(8) 
C(1)-C(2) 1.508(7) C(20)-C(24) 1.506(8) 
C(2)-N(2) 1.450(7) C(21)-C(22) 1.393(8) 
N(2)-C(3) 1.284(7) C(22)-C(23) 1.415(8) 
C(3)-C(5) 1.456(7) C(22)-C(25) 1.498(8) 
C(3)-C(4) 1.516(7) C(23)-0(3) 1.315(6) 
C(5)-C(6) 1.390(7) C(25)-0(4) 1.218(7) 
C(5)-C(10) 1.424(8) C(25)-C(26) 1.486(9) 
C(6)-C(7) 1.381(8) C(27)-C(28) 1.515(7) 
C(7)-C(8) 1.381(9) C(28)-N(4) 1.469(7) 
C(7)-C(1 1) 1.503(9) N(4)-C(29) 1.294(6) 
C(8)-C(9) 1.387(9) C(29)-C(31) 1.460(7) 
C(9)-C(10) 1.414(8) C(29)-C(30) 1.489(7) 
C(9)-C(12) 1.469(9) C(31)-C(32) 1.394(7) 
C(10)-O(1) 1.318(6) C(31)-C(36) 1.436(7) 
C(12)-0(2B) 1.265(13) C(32)-C(33) 1.385(8) 
C(12)-0(2A) 1.297(12) C(33)-C(34) 1.375(8) 
C(12)-C(13) 1.459(11) C(33)-C(37) 1.486(7) 
C(14)-C(15) 1.496(8) C(34)-C(35) 1.388(7) 
C(15)-N(3) 1.448(7) C(35)-C(36) 1.431(7) 
N(3)-C(16) 1.281(7) C(35)-C(38) 1.489(8) 
C(16)-C(18) 1.471(8) C(36)-0(5) 1.290(6) 
C(16)-C(17) 1.494(8) C(38)-0(6) 1.227(7) 
C(18)-C(19) 1.402(8) C(38)-C(39) 1.459(8) 
Table 2.6: 	Selected Bond Angles (°) for 2 
C(27)-N(1)-C(14) 111.9(4) C(19)-C(18)-C(16) 121.2(5) 
C(27)-N(1)-C(1) 112.5(4) C(23)-C(18)-C(16) 120.0(5) 
C(14)-N(1)-C(1) 112.4(4) C(20)-C(19)-C(18) 122.6(5) 
N(1)-C(1)-C(2) 112.0(4) C(19)-C(20)-C(21) 117.9(5) 
N(2)-C(2)-C(1) 110.7(4) C(19)-C(20)-C(24) 120.7(5) 
C(3)-N(2)-C(2) 122.9(4) C(21)-C(20)-C(24) 121.4(5) 
N(2)-C(3)-C(5) 118.7(5) C(20)-C(21)-C(22) 122.6(5) 
N(2)-C(3)-C(4) 120.3(5) C(21)-C(22)-C(23) 119.3(5) 
C(5)-C(3)-C(4) 121.0(5) C(21)-C(22)-C(25) 116.6(5) 
C(6)-C(5)-C(10) 119.5(5) C(23)-C(22)-C(25) 124.0(5) 
C(6)-C(5)-C(3) 121.3(5) 0(3)-C(23)-C(22) 120.2(5) 
C(10)-C(5)-C(3) 119.2(5) 0(3)-C(23)-C(18) 121.2(5) 
C(7)-C(6)-C(5) 122.8(5) C(22)-C(23)-C(18) 118.6(5) 
C(6)-C(7)-C(8) 116.9(5) 0(4)-C(25)-C(26) 119.6(5) 
C(6)-C(7)-C(1 1) 121.6(6) 0(4)-C(25)-C(22) 119.6(5) 
C(8)-C(7)-C(1 1) 121.4(5) C(26)-C(25)-C(22) 120.6(5) 
C(7)-C(8)-C(9) 123.4(5) N(1)-C(27)-C(28) 112.2(4) 
C(8)-C(9)-C(10) 119.3(5) N(4)-C(28)-C(27) 109.7(4) 
C(8)-C(9)-C(12) 117.6(5) C(29)-N(4)-C(28) 127.8(4) 
C(10)-C(9)-C(12) 123.2(6) N(4)-C(29)-C(31) 116.7(4) 
0(1)-C(10)-C(9) 120.7(5) N(4)-C(29)-C(30) 123 .0(5) 
0(1)-C(10)-C(5) 121.3(5) C(3 1)-C(29)-C(30) 120.3(4) 
C(9)-C(10)-C(5) 118.0(5) C(32)-C(3 1)-C(36) 119.7(5) 
0(2B)-C(12)-C(13) 113.9(8) C(32)-C(3 1)-C(29) 119.9(4) 
0(2A)-C(12)-C(13) 119.0(8) C(36)-C(3 1)-C(29) 120.5(4) 
0(2B)-C(12)-C(9) 117.6(8) C(33).C(32)-C(31) 123.2(5) 
0(2A)-C(12)-C(9) 115.2(8) C(34)-C(33)-C(32) 116.7(5) 
C(13)-C(12)-C(9) 123.4(6) C(34)-C(33)-C(37) 122.2(5) 
N(1)-C(14)-C(15) 111.6(4) C(32)-C(33)-C(37) 121.1(5) 
N(3)-C(15)-C(14) 110.1(4) C(33)-C(34)-C(35) 124.0(5) 
C(16)-N(3)-C(15) 123.0(5) C(34)-C(35)-C(36) 119.5(5) 
N(3)-C(16)-C(18) 117.8(5) C(34)-C(35)-C(38) 117.0(5) 
N(3)-C(16)-C(17) 122.7(5) C(36).C(35)-C(38) 123.4(5) 
C(18)-C(16)-C(17) 119.5(5) 0(5)-C(36)-C(35) 122.1(4) 
C(19)-C(18)-C(23) 118.9(5) 0(5)-C(36)-C(31) 121.0(4) 
ER 
C(35)-C(36)-C(31) 117.0(4) 	 0(6)-C(38)-C(35) 	118.9(5) 
0(6)-C(38)-C(39) 	118.7(5) C(39)-C(38)-C(35) 122.4(5) 
2.2.5 Synthesis of [L 3H4](PF6)2 
Equimolar amounts of 2,6-difomiyl (or 2,6-diacetyl)-4-methylphenol and 1,3 
diaminopropane are reacted with an excess of hydrobromic acid in boiling methanol. 
This produces a red solution in the case of the fonnyl derivative and a deep orange 
solution from the acetyl derivative. A small amount of insoluble yellow solid is often 
produced and it has been suggested that this is a polymeric product. 
After the solution has been allowed to cool an excess of ammonium 
hexfluorophosphate was added, on reduction of the volume of solvent an orange 
crystalline material resulted. A red crystalline product of the formyl derivative was 




R=H or Me 
Figure 2.16: Synthesis of Ligands [L 3H4] 2 and [L4FLII 2 
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The i.r. spectrum of the product shows two bands which can be assigned to the 
imine stretching vibrations (symmetric and asymmetric) at 1668 and 1647cm 1 . These 
occur at lower energy than the aldehyde C=O stretches of 2,6-diformyl-4-methylphenol 
suggesting cydisation has occurred. There are other strong bands present at 1537cm 1 , 
probably due to C-O stretching vibration of the phenol and 840cm' for the PF 6 
counter ion. The elemental analysis data were also consistent with macrocycle 
formation. All data were consistent with the previous synthesis of this macrocycle. 
The 1 H nmr spectrum of a crystalline sample of [L 3H4](PF6) 2 was measured at 
298K in CD3CN. The resonance peaks of the spectrum could each be assigned to a 
unique proton environment. 
2.2.6 Synthesis of [L 4H4](PF6)2 
This ligand has previously been produced by Nag in 198382  but again as a metal 
complex via a template procedure. By following a similar procedure to the formation 
of [L3H4](PF6)2 the synthesis of this analogous ligand was attempted using 2,6 
diacetyl-4-methylphenol. 
The mass spectrum shows a peak for the molecular ion, [L 4H4] 4 , at m/z=460. 
Elemental analysis was also consistent with ligand formation. 
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2.3 Conclusions 
A series of metal free ligands based on the 2,6-diformyl- or 2,6-diacetyl-
phenols have been synthesised. All ligands were built up in a condensation reaction to 
form imine bonds. Both macrocydic and open chain macroacydic ligands were 
synthesised. The open chain ligands L'H 3 and L2H3 are novel tripodal ligands. All 
ligands were synthesised in high yield (in excess of 70%). 
The unreacted formyl group showed reactivity with alcohols to form an acetal 
giving L'H3 . The ketone group similarly present on ligand 12H 3 did not show such 
reactivity under the conditions of synthesis. The structure of L'H 3 was determined by 
a single crystal X-ray study. The structure comfirmed that predicted by NMR and 
showed all 'arms' of the ligand in a similar configuration giving a pseudo three fold 
axis of rotation. The structure of 12H 3 was determined by a single crystal X-ray study. 
In this case two 'arms' of the tripodal ligand showed an intramolecular graphitic 
interaction while the third 'arm' showed a similar intermolecular interaction. 
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2.4 Experimental 
2.4.1 Synthesis of 2,6-diformyi-4-methylphenol 8 ' 
4-methyiphenol (p-cresol) (43.2g, 0.4mol) was added to a solution of NaOH 
(20g. 0.5mol) in H20 (80m1). The mixture was stirred for fifteen to twenty minutes as 
a golden yellow colour developed. Stirring was continued as a 35% solution of 
formaldehyde in H 20 (84g, 1.0mol) was added. The solution was left to stand for 24 to 
36 hours at room temperature at which time a light yellow solid had precipitated. This 
was collected by vacuum filtration and washed with a saturated solution of NaCl 
(160cm 3 ). Further crops of solid were obtained after allowing the filtrate to stand for 
further time. 
The 2,6-dimethylol-4-methylphenol was transferred to a 1 litre three necked, 
round bottomed flask and a solution of NaOH (8.2g, 0.2mol in 300m1 of H 20) was 
added. The suspension was stirred for 30 minutes and p-toluenesulphonyl chloride 
(98.8g, ) dissolved in toluene (lOOml). The mixture was stirred for twenty hours giving 
some white solid and a two phase solution. The mixture was cooled in an ice bath and 
toluene (lOOml) was added then stirred for one hour. Then further toluene (25m1) was 
added and further solid was observed. The white solid, 2,6-dimethylol-4-
methyltosylphenol, was collected by vacuum filtration, washed with toluene and then 
dried in a vacuum dessicator (58.2g, 0.l7mol). 
The dried white solid was placed in a 1 litre, 3-necked round bottomed flask 
equipped with a reflux condenser and a 250m1 dropping funnel. Glacial acetic acid 
(40m1) was added and the product dissolved with stirring and heating. Na 2Cr2O7 (51g. 
0. l7mol) was dissolved in 120cm 3 of glacial acetic acid with heating and transferred to 
the dropping funnel. This solution was added dropwise to the stirring and itfluxing 
solution of 2,6-dimethylol-4-methyltosylphenol over 30 minutes and the refluxing 
continued for a further 10 minutes after the final addition. The dark green solution was 
allowed to cool overnight giving solid formation. Problems were latterly encountered 
with this step of the synthesis. 
The crystalline solid, 2,6-diformyl-4-methyltosylphenol, which had formed was 











Figure 2.17: Synthesis of 2,6-diformyl-4-methylphenol 
rnn 1 
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had gone. The product was dried in a vacuum dessicator. The dry 2,6-diformyl-4 
methyltosylphenol (35g) was added slowly to 98% H2SO4 (180m1) in a 1 litre beaker 
giving a dark solution which was stirred for one hour. The solution was then cooled in 
an ice bath and ice was added slowly to make the volume up to 800m1. After the ice 
had melted the light brown precipitate was collected by vacuum filtration, washed with 
cold H20 and then vacuum dried. Recrystallisation of this compound from EtOH 
resulted in a brown crystalline solid. Overall yield=7.42g, 11.2% overall yield. Caution: 
Suitable precautions should be observed when handling this product as skin contact 
causes a yellow stain which persists for several days; 1 H nmr =2.45 (s, 3H), 7.85 (s, 
2H), 10.2 (s, 2H), and 13.6 (s, 1H). 
2.4.2 Synthesis of 2,6-diacetyl-4 methylphen01 82 
A 1 litre three necked flask was equipped with a reflux condenser and pressure 
equalised dropping funnel. A1C1 3 (lOOg, 0.75mol) was dissolved in nitrobenzene 
(150m1) with stirring and heating. p-cresol (13.5g, 0.12mol) was added to this 
solution. The reaction vessel was then placed in an ice water bath too keep the 
temperature at Ca. 10°C and acetyl chloride (30g. 0.36mo1) was added using the 
dropping funnel over one hour. After this addition the water bath was replaced with an 
oil bath and the temperature slowly raised to 60 °C over three hours and the reaction 
continued at 60 °C for a further eight hours. 
The flask was then cooled in an ice bath as was 6M HCl (200m1). The HCl was 
then added slowly and carefully (Caution: rapid evolution of HC1 gas occurs). After 
addition of roughly half the acid an aluminium complex begins to separate, addition of 
further acid with stirring results in formation of a viscous yellow material and a 
separate brown liquid layer. The flask is left to stand overnight. The brown organic 
layer is then decanted off, further extraction is possible on addition of H 20 and CHC13 
and subsequent transfer to separating funnel. The organic layer was then transferred to 
a suitable flask and the nitrobenzene removed on a rotary evaporator equipped with an 
oil pump and dry ice/ acetone slush condenser. When the solvent had stopped coming 
over the remaining liquid was cooled to 4°C forming a brown solid. This solid was 
extracted with chloroform and dried over Na 2SO4. The solution was then treated with 
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activated charcoal before being allowed to crystallise by slow evaporation at room 
temperature. The dark brown crystals were then recrystallised from light petroleum 
(b.p. 60-80°C) resulting in light brown crystals which were vacuum dried. This gave an 
overall yield of 7.3g, 31%; 'H nmr (CDC1 3) 6=2.28 (s, 3H), 2.60 (s, 6H), 7.66 (s, 2H) 
and 13.1 (s, 1H). ' 3C nmr (CDC13) 6=20.22, 29.42, 123.81, 127.63, 136.80, 160.48 
and 201.65. 
2.4.3 Synthesis of C 39H54N409 , L'H3 
2,6 diformyl-4-methylphenol ( 1.0g. 6mmol) was dissolved in MeOH (40cm 3) 
and tris(2-aminoethyl)amine (2mmol from standard solution in MeOH) was added 
dropwise with stirring. The yellow solution was stirred at 40°C for a further 30 
minutes. The solution was then concentrated to 20cm 3 using a rotary evaporator. 
Dimethyl suiphoxide (1-3cm 3) was added with stirring to the solution. It was then left 
to evaporate at room temperature for 24 hours. Brown/yellow crystals were collected 
by filtration and washed wiith diethyl ether. Further crystals could be obtained on 
addition of methanol and dimethyl suiphoxide to the filtrate and slow evaporation. 
Yield= 1.11 g, 74%. Elemental analysis: Found C, 65.5; H, 7.62; N, 7.65. C39H54N409 
requires C, 64.8; H, 7.48; N, 7.76. 'H nmr 6=2.08 (s, 9H), 2.81(t, 9H), 3.37 (s, 18H), 
3.47 (t, 6H), 5.69(s, 3H), 5.89(d, 3H), 7.35(d, 3H), 7.76(s, 3H) and 14.2(s, 3H). F.a.b. 
mass spectrum (3-NOBA) mlz 691=[L'H 3 -one OMe], 659=[L'H3 -two OMe] and 
691=[L 1 H3 -three Ome]t IR(nujol mull) 1636s, 1601s, 1273m, 1252m, 1104s, 1074s, 
986m, 936m and 657w cm' 
2.4.4 Single Crystal X-ray Structure of L'H 3, 1 
Yellow tablets of X-ray diffraction quality were grown from the slow 
evaporation of a solution of L' in methanolldimethyl suiphoxide at 293K. 
The structure was solved using DIRDIF and refined on F2 using SHELXL-93. 
All non-H atoms were refined anisotropically and a similarity constraint linked the 
refinement of the three side arms of the ligand. 
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All non-H atoms were refined with anisotropic thermal parameters. All H-
atoms were fixed in calculated positions. 
Crystal data for 1 is given in Table 2.7. 
2.4.5 Synthesis of C 39H48N406 L2H3 
2,6-diacetyl-4-methylphenol (1.15g. 6mmol) was dissolved in 50cm 3 MeOH 
and tris(2-aminoethyl)amine (2mmol from standard solution in MeOH) was added 
dropwise with stirring. The yellow solution was stirred at 40°C for a further 30 minutes 
at which time a yellow precipitate was present. Yellow solid was collected by filtration 
and washed with diethyl ether. Further product could be obtained by concentration of 
the mother liquor. Yield= 78%. Elemental analysis: Found C, 67.5; H, 6.81; N, 8.05. 
C39H48N406 requires C, 70.1; H, 7.19; N, 7.78. 'H nmr =2.11 (s, 9H), 2.24(t, 9H), 
2.66 (s, 9H), 3.01 (t, 6H), 3.70(t, 6H), 7.12 (d, 3H), 7.57(s, 3H) and 14.2(s, 3H). 13C 
nmr (CDC13) 8=14.57, 20.20, 31.74, 46.73, 54.58, 118.60, 123.73, 128.03, 133.53, 
134.94, 165.46, 173.15 and 200.0. F.a.b. mass spectrum (3-NOBA) mlz 671=[L 2H3] 
and 629=[L2H3  -loss of COCH 3]. JR (nujol mull) 1633s, 1583s, 1153m, 952m and 
873w cm'. 
2.4.6 Single Crystal X-ray Structure of L 2H3, 2 
Light orange blocks suitable for X-ray diffraction were obtained by slow 
diffusion of diethyl ether into solution of L 2H3 in dichioromethane. 
The structure was solved using SHELXS-86 and refined on F2 using SHELXL-
93.During refinement disorder was modelled in some of the ketone oxygens on the 
ligand. The oxygen atoms were disordered over two sites in three of the six ketone 
groups present in the asymmetric unit. 
All full occupancy non-H atoms were refined with anisotropic thermal 
parameters. All H-atoms were fixed in calculated positions. 
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Crystal data for 2 is given in Table 2.7. 
2.4.7 Synthesis of [L 3H4](PF6)265 
2,6-diformyl-4-methylphenol (1.89g, 1 1.5mmol) was dissolved in 80cm 3 of 
MeOH and 1,3-diaminopropane (1 1.5mmol as standard solution in MeOH) was added 
with stirring. After stirring the bright yellow solution for a few minutes 48% HBr 
solution in H20 (1.0cm3) was added. The solution was stirred and heated to boiling to 
give a red solution and then allowed to cool slowly. If any yellow insoluble material 
was present it was removed by filtration. Addition of an excess of NH 4PF6 with stirring 
gave an orange precipitate on cooling at 258K. This was filtered, washed with Et 20 
and recrystallised from CH 3CN/diethyl ether. Yield=58% of recrystallised material. 
Elemental analysis: Found C, 44.2; H, 4.37; N, 9.12. C 24H30N402P2F12  requires C, 
41.4; H, 4.34; N, 8.04. 'H nmr =2.09 (dd, 6H), 2.13(s, 6H), 4.15 (t, 8H), 7.42 (s, 4H) 
and 8.64(s, 4H). F.a.b. mass spectrum (3-NOBA) m/z 405=[L 3 FL4]'. 
2.4.8 Synthesis of [L 4H4](PF6)2 
[L4H4](PF6) 2 was synthesised using exactly the same procedure as 2.4.7. 
Yield=60%, crude product. Analysis was carried out on the crude yellow product. 
Elemental analysis: Found C, 44.5; H, 6.32; N, 7.10. C23H46N402P2F12 .2MeOH 
requires C, 43.7; H, 6.60; N, 6.79. F.a.b. mass spectrum (3-NOBA) m/z 460=[L 4H41+. 
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Table 2.7: 	Crystal Data for Compounds 1 and 2 
Compound 1 2 
Empirical Formula C39H54N409 C391448N406. 
1 .5CH2C12 .0. 13H20 
M 722 734 
Crystal System monoclinic triclinic 
Space Group P2 1/n P-i 
Unit cell: 	a 16.088(9)A 14.484(13)A 
b 13.353(10)A 16.720(13)A 
c 18.798(23)A 18.504(23)A 
oc 900 101.98(8)° 
13 93.92(5)° 110.34(3)' 
900 102.00(4)° 
Volume 4029A3 3914A3 
Radiation Wavelength 0.71073A 0.71073A 





Crystal Dimensions not recorded 0.780.540.26 mm3 
i(Mo-K) 0.085mm' 0.182mm 1 
F(000) 1552 1560 
Theta range for Data Collection 5 !~ 29 !~ 500 5 :~ 29 !~ 450 






Reflections Collected 7985 11349 
Independent Reflections 7667 9368 
Refinement Method Full matrix least 
squares on F2 
Full matrix least 
squares on F2 
Data/Restraints/Parameters 6113/117/477 9309/0/936 
Goodness of Fit on F2 1.068 1.04 
wR2 (all data) 0.3862 0.2865 
R2 (F> 4(F)) 0.0938 0.0846 
Largest Difference Peak and Hole +0.542 eA 3 ,4333ek3 +1.605eA 3 ,-0.562eA 3 
a. 	There are two molecules in the asymmetric unit. 
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Chapter Three 
Lanthanoid Complexes of Schiff Base 
Ligands L1H3, L2H3, L5H3 and L6H3 
3.1 Introduction 
3.1.1 Ligand Systems 
A variety of ligands are utilised as lanthanoid complexation agents in this 
section of work. The metal free synthesis of ligands L'H 3 and L2H3 , see Figure 3.1, 
has been described in the previous chapter. Lanthanoid complexes of the ligands L 5H3 
and L6H3 are also described. These ligands were produced respectively by the acetal 








L'H3 	 12H3 (R=Me) 
L5H3 (R=H) 
Figure 3.1 	The Schiff Base Tripodal Ligands 
All the ligands are based on the tris(2-aminoethyl)amine moiety in reaction 
with 2,6 difunctionalised phenols in a Schiff base condensation, some in the presence 
of a metal template. L'H3, L2H3 and L5H3 are all novel tripodal ligands. L6H3 is a 
macrobicydic ligand based on that originally synthesised by Gagné in 1985 59 and 
more recently by Nelson et a1 8386 The ligands can be divided into three groups with 
respect to the donor atoms available for complex formation. L 1 H3 offers the largest 
potential donor set of three imine nitrogens. three phenolic oxygens and six acetal 
oxygens. These are divided between two cavities, a lower N 303 cavity and an upper 
09 cavity. All the ligands contain the N 303 cavity composed of the three imine 
nitrogens and the three phenolic oxygens. The second ligand group of L 2H3 and L5H3 
have the lower N303 cavity and an upper 06 cavity of three phenolic oxygens and 
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three ketone or aldehyde oxygens. The final group is the macrobicycic ligands with 
two of the identical N 303 cavities. 
All the ligands presented in this chapter are in the protonated form still 
retaining the hydrogen on the phenol oxygen of each arm which hydrogen bonds to 
the imine nitrogen. As discussed in the previous chapter this prevents the imine bond 
from hydrolysis and also effectively blocks co-ordination to the lower cavity of the 
ligand. 
Figure 3.2 	The Macrobicydic Ligand L6H3 (R=tBu) 
3.1.2 Lanthanoid Co-ordination 
Strictly the lanthanoid series consists of the 4f elements from cerium to 
lutetium, in this chapter we have also taken it to include the group 3 metals yttrium 
and lanthanum which have similar properties. The lanthanoids are very electropositive 
and behave as typical hard acids with their preference in binding to oxygen and 
fluoride donor ligands. An important factor in the co-ordination of this group is the 
lanthanoid contraction. As a consequence of increasing nuclear charge as you move 
across the series and the poor shielding of the 4f electrons a reduction in size occurs. 
The ionic radii of the +3 cation (co-ordination no. 6) vary from 103.2pm for 
lanthanum(ffl) to 86. 1 p for lutetium(ffl). 
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Many applications of stable complexes of lanthanoids are currently attracting 
attention. Examples include; in medicine as a contrast reagent in magnetic resonance 
imaging8790, catalysts for RNA cleavage 91 , as an NMR shift agent92 and a variety of 
fluorescence and luminescence applications 93 . With a view to these purposes, a large 
number of Schiff base ligand-lanthanoid complexes have been reported in recent 
years93 '94"01 . 
Few tripodal Schiff base ligands are reported in the literature with reference 
to the co-ordination of lanthanoids. A number of such ligands have been produced 
based on the salicylaldehyde chelating group and utilised for lanthanoid complex 
formation. In 1993 Orvig and co-workers reported the synthesis of a tripodal ligand 
based on the tris(2-aminoethyl) amine moiety; tris (((2-hydroxy-3- 
methoxybenzyl)amino)ethyl)-amine 38 '39, see Figure 3.3. The original imine linkage 
had been reduced to form an amine. 
FIN 	HN. 
000lo 
Figure 3.3 	Ligand Tris(((2-hydroxy)amino)ethyl)amine 
As the methoxy group took no part in co-ordination, three oxygen donors 
were available and the gadolinium(III) complex showed different modes of co-
ordination dependent on the ratio of ligand to metal. Six co-ordination was observed 
when 2 equivalents of the ligand were present with the gadolinium(ffl) bridging two 
of the ligands and bonding to all six phenolic oxygens. With one equivalent of the 
ligand the lanthanoid(ffl) was nine co-ordinate bound to the three oxygen donors 
from the ligand and three nitrate counter ions 39. 
In 1993 McCleverty and co-workers reported the structure of europium(III) 
complex of a ligand based on the tris(pyrazol-1-yl) hydroborate core. This was of 
particular interest for its luminescence properties as the europium(III) was bound to 
aromatic nitrogen donors 41 . 
3.1.3 Lanthanoid Template Reactions 
In template condensations a wide variety of macrocycic and macroacycic 
lanthanoid complexes have been reported 95.  Vigato and co-workers have reported 
many such complexes often using a 'step by step' procedure to build up the 
macrocycic ligand around the lanthanoid ion 9698 . This appears to be of particular 
importance to the required ratio of reactants to form the macrocycle. Vigato 
successfully synthesised '2+2' macrocycles using the stepwise approach that may not 
have been accessible by a 'one step' template. An example of a lanthanoid template 
by Aspinall in 1993 between 2,6-diacetylpyridine and 1,3-diamino-2-hydroxypropane 
gave a '3+3' macrocycle 99 . The '3+3' macrocycle was structurally characterised as 
the lanthanum(Ill) complex and seen to co-ordinate to three metal ions as a trinuclear 
complex. This is in contrast to the report in 1987 by Fenton of a condensation of the 
same reactants around barium(1I) resulting in the mononuclear complex of the '2+2' 
macrocycle' °° . 
A '1+1' Schiff base ligand synthesis has also been reported using a lanthanoid 
ion template, see Figure 3.4. In this case where the reaction is between 2,6-
diformylpyridine and 1,5 -bis(2-aminophenoxy)-3-oxapentane the template around a 
lanthanoid(Ill) ion' 02  shown to give the same product as templating around alkaline 
earth metal cations. 103 
Figure3.4: 	'1+1' Macrocycle Templated Around a Lanthanoid Ion 
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3.2 Results and Discussion 
3.2.1 The Synthesis of [La(L'H3).H20](C104)3, 3 
Reaction of La(C104)3 .xH20 with an equimolar amount of L'H 3 in methanol 
gave a yellow precipitate on stirring. Analyses were performed on the yellow 
precipitate. Recrystallisation is possible from nitromethane or acetonitrile and diethyl 
ether. The i.r. spectrum indicates the presence of the ligand and perchlorate counter-
ions. The band due to the imine stretching vibration has been shifted from 1636cm' 
in the metal-free ligand to 1648cm' on complexation. F.a.b mass spectrometry gives 
a minor peak for the molecular ion [La(L'H 3).H20] at m/z=879, the major peak at 
m/z=849 corresponded to the same cation with loss of one -OMe group. The 
elemental analysis data were consistent with the predicted complex. A single crystal 
X-ray structure determination was undertaken to confirm the predicted stoichiometry 
and to discover the nature of the metal co-ordination. 
The 'H nmr of [La(L'H3).H20](C104)3 was collected at room temperature, 
see Figure 3.5. The spectrum was not shifted as lanthanum(HI) is diamagnetic. 
Assignment of most major peaks was possible. The peak for Ph-CH=NH was now a 
doublet in contrast to no observed splitting in the 'H nmr spectrum of the free ligand. 
It was expected that this proton was coupled to the proton involved in the hydrogen 
bond between the imine nitrogen and the phenolic oxygen. A decoupling experiment 
was performed: on irradiation of the signal at —12.9ppm the doublet at 88.53ppm 
collapsed to a singlet. 
Table 3.1: 	Assignment of peaks in complex 3 
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Figure 3.5: 	'H nmrof [La(L'H3)H20](C104)3 
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3.2.2 The Single Crystal X-ray Structure of [La(L 1H3)H20](C104)3.3CH3NO2, 3 
Yellow tablets of X-ray quality were obtained by the vapour diffusion of 
diethyl ether into a nitromethane solution of the complex at 258K. Details of the 
structure solution and refinement are given in the experimental section. Selected bond 
lengths and angles are given in tables 3.2 and 3.3, and two views of the cation are 
presented in Figures 3.6 and 3.7. 
Figure 3.6 	View of cation [La(L 1H3)H20]3 
The cation has the structure [La(L'H 3).H20] 3 . The lanthanum(HI) centre is 
ten co-ordinate forming bonds to the nine available oxygen donors from the ligand 
MI 
and a molecule of water. The lanthanum(H) cation sits in the top cavity of the ligand 
bound to the three phenolic oxygens and the six acetal oxygens. The ligand has a re-
organised conformation from the metal-free structure in the solid state, see Figure 
2.11 in the previous chapter, where the phenol and acetal functionality of each 'arm' 
were pointing away from the central cavity. The bond lengths are dependent on the 
nature of the oxygen donor with La-0(phenol)=2.453(5)-2.490(5)A, La-
0(acetal)=2.587(5)-2.697(5)A and La-0(H 20)= 2.626(5)A showing shorter bonds to 
the phenol oxygens than the acetal oxygens. The cation also shows a non-
crystallographic three fold axis which passes through N(1)-the bridgehead nitrogen, 
La and 0(10)- the co-ordinated water molecule, see Figure 3.6. 
The co-ordination geometry around the lanthanum(III) atom can be related to 
an icosahedron where the three phenolic oxygens (01,04 and 07) form a triangular 
face, the six acetal oxygens (02, 03, 05, 06, 08 and 09) form a puckered six 
membered ring above this face and the molecule of H 20 is at the centre of what 
would be the final triangular face in an ideal icosahedron. 
There is no evidence of hydrogen bonding in the crystal packing. The phenol 
proton was fixed in a hydrogen bonding position with the imine nitrogen. 
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Figure 3.7 	View of the Cation [La(L 1 H3)H20]3 
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2) 
Figure 3.8 	View of the Metal Core of [Pr(L'H 3)H20] 3 
Table 3.2: 	Selected Bond Lengths (A) for 3 
La-0(1) 2.453(5) 0(3)-C(13) 1.424(9) 
La-0(4) 2.462(5) C(14)-C(15) 1.524(11) 
La-0(7) . 	 2.490(5) C(15)-N(3) 1.475(9) 
La-0(8) 2.587(5) N(3)-C(16) 1.317(9) 
La-0(10) 2.626(5) C(16)-C(17) 1.419(10) 
La-0(6) 2.631(5) C(17)-C(18) 1.424(10) 
La-0(2) 2.650(5) C(17)-C(22) 1.431(11) 
La-0(3) 2.663(5) C(18)-0(4) 1.331(8) 
La-0(9) 2.674(5) C(18)-C(19) 1.43 1(10) 
La-0(5) 2.697(5) C(19)-C(20) 1.403(11) 
N(1)-C(1) 1.465(10) C(19)-C(24) 1.486(10) 
N(1)-C(27) 1.475(10) C(20)-C(21) 1.409(11) 
N(1)-C(14) 1.493(10) C(21)-C(22) 1.380(11) 
C(1)-C(2) 1.538(11) C(21)-C(23) 1.516(12) 
C(2)-N(2) 1.480(9) C(24)-0(6) 1.432(9) 
N(2)-C(3) 1.322(10) C(24)-0(5) 1.455(9) 
C(3)-C(4) 1.429(11) 0(5)-C(25) 1.437(9) 
C(4)-C(5) 1.411(10) 0(6)-C(26) 1.440(9) 
C(4)-C(9) 1.426(11) C(27)-C(28) 1.537(10) 
C(5)-0(1) 1.327(8) C(28)-N(4) 1.481(9) 
C(5)-C(6) 1.431(10) N(4)-C(29) 1.292(9) 
C(6)-C(7) 1.384(11) C(29)-C(30) 1.420(10) 
C(6)-C(1 1) 1.513(11) C(30)-C(31) 1.422(10) 
C(7)-C(8) 1.410(12) C(30)-C(35) 1.424(10) 
C(8)-C(9) 1.351(13) C(31)-0(7) 1.316(8) 
C(8)-C(10) 1.528(13) C(31)-C(32) 1.433(10) 
C(1 1)-0(2) 1.401(9) C(32)-C(33) 1.378(10) 
C(1 1).-0(3) 1.44 1(9) C(32)-C(37) 1.489(10) 
0(2)-C(12) 1.449(10) C(33)-C(34) 1.423(11) 
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C(34)-C(35) 1.370(11) 	 0(8)-C(38) 	1.428(10) 
C(34)-C(36) 1.510(10) 0(9)-C(39) 1.363(10) 
C(37)-0(9) 1.431(9) 
C(37)-0(8) 1.435(9) 
Table 3.3: 	Selected Bond Angles (°) for 3 
0(1)-La-0(4) 76.6(2) C(5)-C(6)-C(11) 120.0(7) 
0(1)-La-0(7) 74.4(2) C(6)-C(7)-C(8) 123.0(8) 
0(4)-La-0(7) 76.5(2) C(9)C(8)C(7) 116.9(8) 
0(1)-La-0(8) 140.7(2) C(9)-C(8)-C(10) 124.3(9) 
0(4)-La-0(8) 77.0(2) C(7)-C(8)-C(10) 118.8(9) 
0(7)-La-0(8) 71.5(2) C(8)-C(9)-C(4) 123.0(8) 
0(1)-La-0(10) 133.9(2) C(5)-O(1)-La 136.1(4) 
0(4)-La-0(10) 138.7(2) O(2)-C(11)-O(3) 100.2(6) 
0(7)-La0(10) 131.3(2) 0(2)-C(1 1)-C(6) 114.0(6) 
0(8)-La-0(10) 84.3(2) O(3)-C(11)-C(6) 110.7(6) 
0(1)-La-0(6) 125.7(2) C(1 1)-O(2)-C(12) 114.6(7) 
0(4)-La-0(6) 70.7(2) C(1 1)-0(2)-La 101.4(4) 
0(7)-La-0(6) 134.0(2) C(12)-0(2)-La 135.7(5) 
0(8)-La-0(6) 70.3(2) C(13)-O(3)-C(1 1) 114.8(6) 
0(10)-La-0(6) 68.3(2) C(1 3)-0(3)-La 140.9(5) 
0(1)-La-0(2) 69.1(2) C(1 1)-0(3)-La 99.6(4) 
0(4)-La-0(2) 142.5(2) N(1)-C(14)-C(15) 112.8(6) 
0(7)-La-0(2) 80.1(2) N(3)-C(15)-C(14) 110.0(6) 
0(8)-La-0(2) 122.1(2) C(16)-N(3)-C(15) 123.1(6) 
0(10)-La.0(2) 78.2(2) N(3)-C(16)-C(17) 125.2(7) 
0(6)-La-0(2) 143.2(2) C(16)-C(17)-C(18) 121.6(7) 
0(1)La-0(3) 70.1(2) C(16)-C(17)-C(22) 118.2(6) 
0(4)-La-0(3) 130.9(2) C(18)-C(17)-C(22) 120.1(7) 
0(7).La-0(3) 124.9(2) 0(4)-C(18)-C(17) 121.0(6) 
0(8)-La-0(3) 147.7(2) 0(4)-C(18)-C(19) 121.7(6) 
0(10)-La-0(3) 63.9(2) C(17)-C(18)-C(19) 117.2(7) 
0(6)-La-0(3) 101.1(2) C(20)-C(19)-C(18) 119.7(6) 
0(2)-La-0(3) 48.5(2) C(20)-C(19)-C(24) 120.8(6) 
0(1)-La-0(9) 129.3(2) C(18)-C(19)-C(24) 119.3(6) 
0(4)-La-0(9) 121.7(2) C(19)-C(20)-C(21) 123.7(7) 
0(7)-La-0(9) 66.7(2) C(22)-C(21)-C(20) 116.2(7) 
0(8)-La-0(9) 49.6(2) 	- C(22)-C(21)-C(23) 121.6(7) 
0(10)-La.0(9) 65.5(2) C(20)-C(21)-C(23) 122.1(7) 
0(6)-La-0(9) 104.8(2) C(21)-C(22)-C(17) 122.9(7) 
0(2)-La--0(9) 73.1(2) C(18)-0(4)-La 135.2(4) 
0(3)-La-0(9) 107.3(2) 0(6)-C(24)-0(5) 98.2(5) 
0(1)-La-0(5) 79.2(2) 0(6)-C(24)-C(19) 110.1(6) 
0(4)-La-0(5) 66.3(2) 0(5)-C(24)-C(19) 115.2(6) 
0(7)-La-0(5) 138.4(2) C(25)-0(5)-C(24) 113.5(6) 
0(8)-La-0(5) 115.3(2) C(25)-0(5)-La 133.0(5) 
0(10)-La-0(5) 90.0(2) C(24)-0(5)-La 99.8(4) 
0(6)-La-0(5) 48.3(2) C(24)-0(6)-C(26) 114.2(6) 
0(2)-La-0(5) 119.3(2) C(24)-0(6)-La 103.5(4) 
0(3)-La-0(5) 72.8(2) C(26)-0(6)-La 142.2(5) 
0(9)-La-0(5) 150.6(2) N(1)-C(27)-C(28) 112.1(6) 
C(1)-N(1)-C(27) 111.3(6) N(4)-C(28)-C(27) 108.2(6) 
C(1)-N(1)-C(14) 112.8(6) C(29)-N(4)-C(28) 123.0(6) 
C(27)-N(1)-C(14) 113.3(6) N(4)-C(29)-C(30) 125.7(7) 
N(1)-C(1)-C(2) 111.5(6) C(29)-C(30)-C(31) 122.1(6) 
N(2)-C(2)-C(1) 108.9(6) C(29)-C(30)-C(35) 117.4(7) 
C(3)-N(2)-C(2) 122.5(6) C(31)-C(30)-C(35) 120.5(7) 
N(2)-C(3)-C(4) 124.6(7) O(7)-C(31)-C(30) 121 .0(6) 
C(5)-C(4)-C(9) 120.0(7) 0(7)-C(31)-C(32) 121.3(6) 
C(5)-C(4)-C(3) 120.6(7) C(30)-C(31)-C(32) 117.7(6) 
C(9)-C(4)-C(3) 119.3(7) C(33)-C(32)-C(3 1) 119.3(6) 
0(1)-C(5)-C(4) 121.5(6) C(33)-C(32)-C(37) 120.9(7) 
0(1)-C(5)-C(6) 121.4(6) C(31)-C(32)-C(37) 119.6(6) 
C(4)-C(5)-C(6) 117.1(7) C(32)-C(33)-C(34) 123.5(7) 
C(7)-C(6)-C(5) 120.0(7) C(35)-C(34)-C(33) 117.2(7) 
C(7)-C(6)-C(11) 119.9(7) C(35)-C(34)-C(36) 122.7(7) 
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C(33)-C(34)-C(36) 120.0(7) C(38)-0(8)-La 139.9(5) 
C(34)-C(35)-C(30) 121.7(7) C(37)-0(8)-La 102.0(4) 
C(31)-0(7)-La 135.2(4) C(39)-0(9)-C(37) 116.9(6) 
0(9).C(37)-0(8) 100.8(5) C(39)-0(9)-La 144.8(5) 
0(9)-C(37)-C(32) 110.7(6) C(37)-0(9)-La 98.3(4) 
0(8)-C(37)-C(32) 114.1(6) 
C(38)-0(8)-C(37) 115.4(6) 
3.2.3 The Synthesis of [Pr(L 1H3).H20](C104)3, 4 
Reaction of Pr(C10 4)3 .xH20 with an equimolar amount of L'H3 in methanol 
gave a yellow precipitate on stirring. Analysis showed that as expected the 
praseodymium(HI) complex of L'11 3  had the same composition as 3. The i.r spectrum 
showed the same bands as the spectrum of 3. F.a.b. mass spectrometry, collected as a 
raw data set, again gave a peak for the molecular ion [Pr(L'H 3).H20] 3  at mlz=882.4 
and also a peak for [La(L'H 3)] 3  at m/z=867.4 and for the molecular ion with the loss 
of one -OMe group at mlz=85 1.4. The elemental analysis of the complex was 
consistent with this composition. A single crystal X-ray structure analysis was 
undertaken to confirm the structure was as predicted. 
The 1 H nmr of [Pr(L'H3).H20](C104)3 was collected at room temperature, see 
Figure 3.9. The praesoodymium (ifi) cation is paramagnetic and so the spectrum is 
shifted giving peaks between 32ppm and -5 ppm. It is more complex to assign this 
spectrum due to the paramagnetic shift. The broad peak at —32ppm is probably for 
CH=NW-CH2. 
3.2.4 The Single Crystal X-ray Structure of [Pr(L 1H3).H20](C104)3.3CH3NO2, 4 
Yellow tablets of X-ray quality were grown by vapour diffusion of diethyl ether 
into a nitromethane solution of the complex at 277K. Details of the structural solution 
are given in the experimental section. Selected bond lengths and angles are given in 
tables 3.4 to 3.5. The cation [Pr(L'H3).H20]3 
is  shown to be isostructural to 3. The 
co-ordination sphere of the praseodymium is identical. Bond lengths are again seen to 
vary with the nature of the oxygen donor with Pr-O(phenol)=2.396(3)-2.438(3)A, 
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Pr-O(acetal)=2.531(3)-2.658(3)A and Pr-O(H 20)= 2.588(3)A.. See figures 3.10 and 
3.11. 
There is no evidence of hydrogen bonding in the crystal packing. The phenol 
proton was fixed in a hydrogen bonding position with the imine nitrogen. 
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Figure 3.9: 	'H nmr Spectrum of [Pr(L'H 3)H20] 3 
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Table 3.4: 	Selected Bond Lengths (A) for 4 
Pr-O(1) 2.396(3) N(3)-C(16) 1.282(5) 
Pr-0(4) 2.409(3) C(16)-C(17) 1.429(6) 
Pr-0(7) 2.438(3) C(17)-C(22) 1.406(6) 
Pr-0(8) 2.531(3) C(17)-C(18) 1.423(5) 
Pr-0(6) 2.560(3) C(18)-O(4) 1.302(5) 
Pr-0(2) 2.567(3) C(18)-C(19) 1.426(5) 
Pr-0(10) 2.588(3) C(19)-C(20) 1.380(6) 
Pr-0(3) 2.613(3) C(19)-C(24) 1.499(5) 
Pr-O(9) 2.654(3) C(20)-C(21) 1.409(6) 
Pr-0(5) 2.658(3) C(21)-C(22) 1.370(6) 
N(1)-C(27) 1.463(6) C(21)-C(23) 1.500(6) 
N(1)-C(14) 1.467(6) C(24)-0(6) 1.418(5) 
N(1)-C(1) 1.468(5) C(24)-0(5) 1.423(5) 
C(1)-C(2) 1.524(6) 0(5)-C(25) 1.431(5) 
C(2)-N(2) 1.470(5) 0(6)-C(26) 1.428(5) 
N(2)-C(3) 1.290(6) C27)-C(28) 1.515(6) 
C(3)-C(4) 1.423(6) C(28)-N(4) 1.476(5) 
C(4)-C(9) 1.409(6) N(4)-C(29) 1.294(5) 
C(4)-C(5) 1.422(5) C(29)-C(30) 1.426(6) 
C(5)-O(1) 1.300(5) c(30)-C(35) 1.409(6) 
C(5)-C(6) 1.424(6) C(30)-C(31) 1.424(5) 
C(6)-C(7) 1.357(6) C(31)-0(7) 1.306(4) 
C(6)-C(11) 1.499(6) C(31)-C(32) 1.428(5) 
C(7)-C(8) 1.414(7) C(32)-C(33) 1.372(5) 
C(8)-C(9) 1.365(7) C(32)-C(37) 1.498(5) 
C(8)-C(10) 1.500(7) C(33)-C(34) 1.406(6) 
C(1 1)-0(2) 1.424(5) C(34)-C(35) 1.366(6) 
C(l 1)-0(3) 1.426(5) C(34)-C(36) 1.511(6) 
0(2)-C(12) 1.429(6) C(37)-0(8) 1.415(5) 
0(3)-C(13) 1.436(5) C(37)-0(9) 1.421(5) 
C(14)-C(15) 1.519(6) 0(8)-C(38) 1.417(6) 
C(15)-N(3) 1.473(5) 0(9)-C(39) 1.371(6) 
Table 3.5: 	Selected Bond Angles (°) for 4 
0(1)-Pr-0(4) 75 .53(9) 0(8)-Pr-0(9) 49.40(10) 
0(1)-Pr-0(7) 74.37(9) 0(6)-Pr-0(9) 105.0 1(10) 
0(4)Pr-0(7) 75.81(9) 0(2)-Pr-0(9) 71.69(10) 
0(1)-Pr-0(8) 141.61(9) 0(10)-Pr-0(9) 64.76(9) 
0(4)-P-0(8) 78.14(10) 0(3)-Pr-0(9) 106.71(9) 
O(7)-Pr-0(8) 72.41(9) 0(1)-Pr-0(5) 77.90(9) 
0(1)-Pr-0(6) 125.13(9) 0(4)-Pr-0(5) 67.17(9) 
0(4)-Pi-0(6) 71.87(9) 0(7)-Pr-0(5) 138.09(8) 
0(7)-Pr-0(6) 134.56(9) 0(8).Pr-0(5) 116.33(9) 
0(8)-Pr-0(6) 70.36(9) 0(6)-Pr-0(5) 49.14(9) 
0(1)-Pr-02) 70.90(9) 0(2)-Pr-0(5) 119.15(9) 
0(4)-Pr-0(2) 142.82(9) 0(10)-Pr-0(5) 90.36(9) 
0(7)-Pr-0(2) 80.15(9) 0(3)-Pr-0(5) 71.60(9) 
0(8)-Pr-0(2) 120.70(10) 0(9)-Pr-0(5) 151.26(9) 
0(6)-Pr-0(2) 142.31(9) C(27)-N(1)-C(14) 112.6(3) 
0(1)-Pr-0(10) 135.30(9) C(27)-N(1)-C(1) 112.4(3) 
0(4)-Pr-0(10) 138.64(9) C(14)-N(1)-C(1) 112.5(3) 
0(7)-Pr-0(10) 131.29(9) N(1)-C(1)-C(2) 111.5(3) 
0(8)-Pr-0(10) 82.19(9) N(2)-C(2)-C(1) 109.6(4) 
0(6)-Pr-0(10) 67.31(9) C(3)-N(2)-C(2) 122.7(4) 
0(2)-Pr-0(10) 78 .24(9) N(2)-C(3)-C(4) 125.0(4) 
0(1)-Pr-0(3) 71.28(9) C(9)-C(4)-C(5) 120.6(4) 
0(4)-Pr-0(3) 131.19(9) C(9)-C(4)-C(3) 118.8(4) 
0(7)-Pr-0(3) 125.73(9) C(5)-C(4)-C(3) 120.4(4) 
0(8)-Pr-0(3) 145.83(9) 0(1)-C(5)-C(4) 121.3(4) 
0(6)-Pr-0(3) 99.66(9) 0(1)-C(5)-C(6) 122.4(4) 
0(2)-Pr-0(3) 49.50(9) C(4)-C(5)-C(6) 116.3(4) 
0(10)-Pr-0(3) 64.10(9) C(7)-C(6)C(5) 121.0(4) 
0(1)-Pr-0(9) 129.7 1(10) C(7)-C(6)-C(11) 119.3(4) 
0(4)-Pr-0(9) 122.02(9) C(5)-C(6)-C(11) 119.4(4) 
0(7)-Pr-0(9) 67.13(9) C(6)-C(7)-C(8) 123.0(4) 
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C(9)-C(8)-C(7) 116.9(4) 0(5)-C(24)-C(19) 114.2(3) 
C(9)-C(8)-C(10) 123.8(5) C(24)-0(5)-C(25) 114.6(3) 
C(7)-C(8)-C(10) 119.3(5) C(24)-0(5)-Pr 98.4(2) 
C(8)-C(9)-C(4) 122.2(4) C(25)-0(5)-Pr 13 3.8(3) 
C(5)-0(1)-Pr 135.0(2) C(24)-0(6)-C(26) 115.4(3) 
0(2)-C(1 1)-0(3) 99.1(3) C(24)-0(6)-Pr 103.0(2) 
O(2)-C(11)-C(6) 114.3(3) C(26)-0(6)-Pr 141.7(3) 
0(3)-C(1 1)-C(6) 110.9(4) N(1)-C(27)-C(28) 111.5(3) 
C(11)-0(2)-C(12) 114.3(4) N(4)-C(28)-C(27) 109.2(3) 
C(l 1)-0(2)-Pr 101.3(2) C(29)-N(4).C(28) 121 .4(3) 
C(12)-0(2)-Pr 135.3(3) N(4)-C(29)-C(30) 124.8(4) 
C(1 1)-O(3)-C(13) 115.0(3) C(35)-C(30)-C(31) 120.9(4) 
C(1 1)-0(3)-Pr 99.2(2) C(35)-C(30)-C(29) 117.6(4) 
C(13)-0(3)-Pr 141.2(3) C(31)-C(30)-C(29) 121.5(3) 
N(1)-C(14)-C(15) 111.8(3) 0(7)-C(31)-C(30) 121.3(3) 
N(3)-C(15)-C(14) 110.3(3) 0(7)-C(31)-C(32) 122.4(3) 
C(16)-N(3)-C(15) 122.1(3) C(30)-C(31)-C(32) 116.3(3) 
N(3)-C(16)-C(17) 125.1(4) C(33)-C(32)-C(31) 120.4(4) 
C(22)-C(17)-C(18) 121.1(4) C(33)-C(32)-C(37) 120.8(4) 
C(22)-C(17)-C(16) 118.3(4) C(31)-C(32)-C(37) 118.7(3) 
C(18)-C(17)-C(16) 120.6(4) C(32)-C(33)-C(34) 123.2(4) 
0(4)-C(18)-C(17) 121 .4(3) C(35)-C(34)-C(33) 117.1(4) 
0(4)-C(18)-C(19) 122.4(3) C(35)-C(34)-C(36) 122.7(4) 
C(17)-C(18)-C(19) 116.1(4) C(33)-C(34)-C(36) 120.2(4) 
C(20)-C(19)-C(18) 120.8(4) C(34)-C(35)-C(30) 122.0(4) 
C(20)-C(19)-C(24) 120.8(4) C(31)-0(7)-Pr 134.8(2) 
C(18)-C(19)-C(24) 118.1(4) 0(8)-C(37)-0(9) 99.8(3) 
C(19)-C(20)-C(21) 122.6(4) 0(8)-C(37)-C(32) 114.1(3) 
C(22)-C(21)-C(20) 117.2(4) 0(9)-C(37)-C(32) 109.9(3) 
C(22)-C(21)-C(23) 121.5(4) C(37)-0(8)-C(38) 114.3(3) 
C(20)-C(21)-C(23) 121.3(4) C(37)-0(8)-Pr 103.7(2) 
C(21)-C(22)-C(17) 122.1(4) C(38)-0(8)-Pr 138.1(3) 
C(18)-0(4)-Pr 13 5.0(2) C(39)-0(9)-C(37) 117.4(4) 
0(6)-C(24)-0(5) 99.7(3) C(39)-0(9)-Pr 144.2(3) 
0(6)-C(24)-C(19) 110.3(3) C(37)-0(9)-Pr 97.9(2) 
3.2.5 The Synthesis of [Y(L1H3)](C104)3,  5 
Reaction of Y(C104)3 .xH20 with one equivalent of L'H 3 in methanol produced 
a lemon yellow precipitate and recrystallisation from acetonitrile-diethyl ether afforded 
yellow crystals. The i.r. spectrum of this material showed presence of the ligand with a 
peak at 1657cm' corresponding to the imine C=N stretching vibration shifted from the 
free ligand value of 1636cm 4  and the presence of perchiorate counter ions with the 
band at 1046cm4 . The F.a.b. mass spectrum shows only a minor peak at m/z=809 
corresponding to the molecular ion [Y(L'H 3)I. However a number of fragmentation 
peaks are observed at a spacing of 31 mass units corresponding to loss of -OMe 
groups from the ligand. 
The analytical data indicated a 1:1 yttrium to ligand complex. A single crystal 
X-ray structure determination was undertaken to determine the co-ordination 
environment of the yttrium(ffl). 
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3.2.6 The Single Crystal X-ray Structure of [Y(L 1H3)](C104)3.3CH3CN, 5 
Yellow blocks of X-ray quality were obtained from diffusion of diethyl ether 
into an acetonitrile solution of the complex at 258K. Details of the structure solution 
and refinement are given in the experimental section. Selected bond lengths and angles 
are given in tables 3.6 and 3.7, and two views of the cation are presented in figures 
3.10 and 3.11. 
Figure 3.10 View of the Cation in [Y(L 1 H3)](C104)3 
The yurium(ffl) is similarly to the other lanthanoid structures bound solely to 
the oxygen donor atoms of the ligand but this time with no water molecule present 
giving a nine co-ordinate metal centre. The ionic radius of ytthum(ffl) based on a co-
ordination number of six is 90pm smaller than those of lanthanum(HI) and 
praseodymium(ffl)- 102 and 99pm respectively. The nine co-ordination exhibited is 
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consistent with the smaller ionic radius of yttrium(llI). The metal centre is bound to 
the three phenol oxygens (01, 04 and 07) and the six acetal oxygens. 
As with the lanthanum(IH) and praseodymium(Ill) structures the bond lengths 
vary with the type of oxygen donor with Y-0(phenol)=2.230(5)-2.245(5)A, 
Y-0(acetal)= 2.400(5)-2.542(5)A.Once again a non-crystallographic three fold axis is 
observed passing through N(1) and Y, see Figure 3.13. 
There is no evidence of hydrogen bonding in the crystal packing. The phenol 
proton was fixed in a hydrogen bonding position with the imine nitrogen. 
The co-ordination geometry is based upon a tricapped trigonal prism. The 
lower triangular face is formed by the three phenolic oxygens 0(1), 0(4) and 0(7), 
with the pair of acetal oxygens from each of the three 'arms' each occupy one face 
capping position and one vertex of the upper triangular face of the prism, see Figure 
3.12. 




Figure 3.12: View of the Metal Core of [Y(L'H 3)] 3 
Table 3.6: 	Selected Bond Lengths (A) for 5 
Y-0(4) 2.230(5) C(15)-N(3) 1.473(9) 
Y-0(1) 2.240(5) N(3)-C(16) 1.282(9) 
Y-0(7) 2.243(5) C(16)-C(17) 1.418(10) 
Y-0(6) 2.400(5) C(17)-C(18) 1.413(10) 
Y-O(9) 2.412(5) C(17)-C(22) 1.426(10) 
Y-0(2) 2.432(5) C(18)-C(19) 1.376(10) 
Y-0(3) 2.526(5) C(19)-C(20) 1.400(10) 
Y-0(8) 2.526(5) C(19)-C(23) 1.521(10) 
Y-0(5) 2.542(5) C(20)-C(21) 1.380(9) 
N(1)-C(1) 1.457(9) C(21)-C(22) 1.402(9) 
N(1)-C(27) 1.457(9) C(21)-C(24) 1.499(10) 
N(1)-C(14) 1.481(9) C(22)-0(4) 1.321(8) 
C(1)-C(2) 1.517(11) C(24)-0(5) 1.425(8) 
C(2)-N(2) 1.463(9) C(24)-0(6) 1.450(8) 
N(2)-C(3) 1.277(9) 0(5)-C(25) 1.441(8) 
C(3)-C(4) 1.419(10) 0(6)-C(26) 1.439(8) 
C(4)-C(5) 1.406(10) C(27)-C(28) 1.515(9) 
C(4)-C(9) 1.423(9) C(28)-N(4) 1.455(9) 
C(5)-C(6) 1.380(11) N(4)-C(29) 1.287(9) 
C(6)-C(7) 1.400(11) C(29)-C(30) 1.423(10) 
C(6)-C(10) 1.517(11) C(30)-C(3 1) 1.411(10) 
C(7)-C(8) 1.37 3(10) C(30)-C(35) 1.414(10) 
C(8)-C(9) 1.405(9) C(31)-C(32) 1.364(11) 
C(8)-C(1 1) 1.504(10) C(32)-C(33) 1.408(11) 
C(9)-0(1) 1.325(8) C(32)-C(36) 1.523(11) 
C(l 1)-0(3) 1.419(8) C(33)-C(34) 1.382(10) 
C(1 1)-0(2) 1.445(8) C(34)-C(35) 1.413(10) 
0(2)-C(12) 1.432(9) C(34)-C(37) 1.516(10) 
0(3)-C(13) 1.426(8) C(35)-0(7) 1.303(8) 
C(14)-C(15) 1.511(11) C(37)-0(8) 1.421(9) 
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C(37)-0(9) 	1.432(9) 	 0(9)-C(39) 	1.420(9) 
0(8)-C(38) 1.434(9) 
Table 3.7: 	Selected Bond Angles( 0) for 5 
0(4)-Y-0(1) 85.3(2) C(l1)-0(2)-Y 99.6(4) 
0(4)-Y -0(7) 84.7(2) C(11).0(3)-C(13) 115.0(6) 
0(1)-Y-0(7) 83.4(2) C(11)-0(3)-Y 96.2(4) 
0(4)-Y -0(6) 78.6(2) C(13)-0(3)-Y 132.6(4) 
0(1)-Y-0(6) 127.3(2) N(1)-C(14)-C(15) 112.6(6) 
0(7)-Y-0(6) 142.9(2) N(3)-C(15)-C(14) 110.9(6) 
0(4)-Y-0(9) 127.6(2) C(16)-N(3)-C(15) 124.5(7) 
0(1)-Y-0(9) 141.0(2) N(3)-C(16)-C(17) 125.3(7) 
0(7)-Y-0(9) 80.2(2) C(18)-C(17)-C(16) 118.5(7) 
0(6)-Y-0(9) 84.1(2) C(18)-C(17)-C(22) 119.8(7) 
0(4)-Y-0(2) 142.5(2) C(16)-C(17)-C(22) 121.4(6) 
0(1)-Y-0(2) 82.1(2) C(19)-C(18)-C(17) 121.9(7) 
0(7)-Y-0(2) 128.2(2) C(18)-C(19)-C(20) 117.7(7) 
0(6)-Y-0(2) 81.4(2) C(18)-C(19)-C(23) 121.7(7) 
0(9)-Y-0(2) 80.8(2) C(20)-C(19)-C(23) 120.6(7) 
0(4)-Y-0(3) 150.9(2) C(21)-C(20)-C(19) 122.0(7) 
0(1)-Y-0(3) 70.6(2) C(20)-C(21)-C(22) 121.2(7) 
0(7)-Y-0(3) 76.7(2) C(20)-C(21)-C(24) 119.9(6) 
0(6)-Y-0(3) 129.0(2) C(22)-C(21)-C(24) 118.8(6) 
0(9)-Y-0(3) 71.3(2) 0(4)-C(22)-C(21) 123.0(6) 
0(2)-Y-0(3) 51.6(2) 0(4)-C(22)-C(17) 119.6(6) 
0(4)-Y-0(8) 76.3(2) C(21)-C(22)-C(17) 117.4(6) 
0(1)-Y-0(8) 149.1(2) C(22)-0(4)-Y 132.8(4) 
0(7)-Y-0(8) 70.5(2) 0(5)-C(24)-0(6) 97.5(5) 
0(6)-Y-0(8) 73.5(2) 0(5)-C(24)-C(21) 113.2(5) 
0(9)-Y-0(8) 51.4(2) 0(6)-C(24)-C(21) 112.4(6) 
0(2)-Y-0(8) 127.1(2) C(21)-C(24)-Y 100.8(4) 
0(3)-Y-0(8) 116.9(2) C(24)-0(5)-C(25) 113.6(5) 
0(4)-Y-0(5) 72.0(2) C(24)-0(5)-Y 96.1(4) 
0(1)-Y-0(5) 75.5(2) C(25)-0(5)-Y 134.2(4) 
0(7)-Y-0(5) 149.5(2) C(26)-0(6)-C(24) 114.4(5) 
0(6)-Y-0(5) 51.8(2) C(26)-0(6)-Y 134.7(4) 
0(9)-Y-0(5) 129.6(2) C(24)-0(6)-Y 101.6(4) 
0(2)-Y-0(5) 70.7(2) N(1)-C(27)-C(28) 113.3(6) 
0(3)-Y-0(5) 115.3(2) N(4)-C(28)-C(27) 110.3(6) 
0(8)-Y-0(5) 120.3(2) C(29)-N(4)-C(28) 125.0(6) 
C(1)-N(1)-C(27) 108.9(6) N(4)-C(29)-C(30) 124.7(7) 
C(1)-N(1)-C(14) 110.3(6) C(31)-C(30)-C(35) 119.8(7) 
C(27)-N(1)-C(14) 110.0(6) C(31)-C(30)-C(29) 119.2(7) 
N(1)-C(1)-C(2) 113.0(6) C(35)-C(30)-C(29) 121.1(7) 
N(2)-C(2)-C(1) 110.6(6) C(32)-C(31)-C(30) 123.3(7) 
C(3)-N(2)-C(2) 125.1(7) C(31)-C(32).-C(33) 116.4(7) 
N(2)-C(3)-C(4) 125.2(7) C(31)-C(32)-C(36) 122.9(8) 
C(5)-C(4)-C(3) 118.8(7) C(33)-C(32)-C(36) 120.7(8) 
C(5)-C(4)-C(9) 119.1(7) C(34)-C(33)-C(32) 122.7(7) 
C(3)-C(4)-C(9) 122.1(7) C(33)-C(34)-C(35) 120.7(7) 
C(6)-C(5)-C(4) 122.8(7) C(33)-C(34)-C(37) 119.9(7) 
C(5)-C(6)-C(7) 116.4(7) C(35)-C(34)-C(37) 119.4(6) 
C(5)-C(6)-C(10) 123.0(8) 0(7)-C(35)-C(34) 121.9(6) 
C(7)-C(6)-C(10) 120.6(8) 0(7)-C(35)-C(30) 120.9(6) 
C(8)-C(7)-C(6) 123.5(7) C(34)-C(35)-C(30) 117.2(7) 
C(7)-C(8)-C(9) 119.9(7) C(35)-0(7)-Y 131.9(4) 
C(7)-C(8)-C(11) 120.5(6) 0(8)-C(37)-0(9) 97.4(5) 
C(9)-C(8)-C(11) 119.6(6) 0(8)-C(37)-C(34) 113.1(6) 
0(1)-C(9)-C(8) 122.9(6) 0(9)-C(37)-C(34) 112.0(6) 
0(1)-C(9)-C(4) 118.9(6) C(37)-0(8)-C(38) 114.4(6) 
C(8)-C(9)-C(4) 118.3(6) C(37)-0(8)-Y 96.5(4) 
C(9)-O(1)-Y 129.4(4) C(38)-0(8)-Y 135.1(4) 
0(3)-C(1 1)-0(2) 97.8(5) C(39)-0(9)-C(37) 115.0(6) 
O(3)-C(11)-C(8) 113.9(6) C(39)-0(9)-Y 139.2(5) 
0(2)-C(1 1)-C(8) 112.0(5) C(37)-0(9)-Y 10 1.2(4) 
C(12)-0(2)-C(1 1) 114.2(6) 
C(12)-0(2)-Y 138.4(5) 
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3.2.7 Hydrolysis of [Gd(L 1H3)](C104)3 in the Presence of Copper(H) and 
N,N-Diisoopropylethylamine 
In an attempted reaction of the gadolinium(RI) complex of L 1 1­13 , prepared as 
[Pr(L'H3)H20](C 104)3, modification of the ligand occurred resulting in a novel ligand 
complexed to gadolinium(ffl), [Gd(L 5H3)(H20)2](C104)3. On addition of 
Cu(C104)2.6H20 and N,N-diisopropylethyl-amine to an acetonitrile solution of 
[Gd(L'H3)](C104)3 a colour change from yellow to green was observed. The solution 
was concentrated and a yellow green solid precipitated on addition of diethyl-ether. 
Further purification of the product or products was attempted by reciysallisation from 
nitromethane/diethyl-ether vapour diffusion. After a number of weeks a small number 
of yellow/green crystals had grown. A single crystal X-ray structure determination was 
therefore undertaken to ascertain the structure of the product. 
3.2.8 The Single Crystal X-ray Structure of [G(iL 5H3)(H20)21(C104)3.2CH3NO2, 
6 
Crystals suitable for X-ray diffraction were obtained by vapour diffusion of 
diethyl ether into a solution of the complex in acetonitrile. Details of the structure 
solution and refinement are given in the experimental section. Selected bond lengths 
and angles are given in tables 3.8 and 3.9, and two views of the cation are presented in 
figures 3.13 and 3.14. 
As previously discussed modification of the ligand has occurred by hydrolysis 
of the acetal groups to give ligand L 51­13 which has six available oxygen donor atoms; 
three phenolic and three aldehyde oxygens. The gadolinium(M) centre is bound to all 
six of these oxygen donors and two additional water molecules making it eight co-
ordinate. 
The gadolinium(ffl)-oxygen distances vary with the type of oxygen donor 
giving: Gd-O(phenol)2.32(3)-2.36(2)A, Gd-O(aldehyde)=2.37 (3)-2.41 (2)A, 
Gd-0(7)2.45(3)A and Gd-0(8)2.34(3)A. The non crystallographic three fold axis 
which was present in 3,4 and 5 is no longer observed. The two molecules of water are 
co-ordinated almost as if a 'fourth arm' of the ligand was present. The three arms of 
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the ligand are compressed reducing the angle between the planes of the rings relative 
to 3, 4 and 5 to accommodate the two water molecules and allow the gadolinium(ffl) 
to be eight co-ordinate. 
Figure 3.13: View of the Cation in [Gd(L 5H3)(H20)2](C104)3 
The co-ordination geometry around gadolinium(ffl), see Figure 3.15, appears 
to be based on a distorted dodecahedron. The two intersecting trapezin forming the 
dodecahedron are 0(1), 0(8), 0(4), 0(6) and 0(7), 0(2), 0(5) and 0(3). 
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Figure 3.14: View of the Cation in [Gd(L 5H3)(H20)2](C104)3 
0(2) 
4) 
Figure 3.15: View of the Metal Core of [Gd(L 5H3)(H2O)2] 3 
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Table 3.8: 	Selected Bond Lengths (A) for 6 
Gd-0(3) 2.32(3) N(3)-C(14) 1.29(5) 
Gd-0(5) 2.34(2) C(14)-C(15) 1.35(5) 
Gd-0(8) 2.34(3) C(15)-C(20) 1.39(6) 
Gd-0(1) 2.36(2) C(15)-C(16) 1.48(5) 
Gd-0(6) 2.37(3) C(16)-0(3) 1.29(4) 
Gd-0(2) 2.37(2) C(16)-C(17) 1.41(5) 
Gd-0(4) 2.41(2) C(17)-C(18) 1.35(5) 
Gd-0(7) 2.45(3) C(17)-C(22) 1.46(5) 
N(1)-C(12) 1.42(5) C(18)-C(19) 1.42(6) 
N(1)-C(1) 1.47(4) C(19)-C(20) 1.37(6) 
N(1)-C(23) 1.64(4) C(19)-C(21) 1.47(6) 
C(1)-C(2) 1.55(5) C(22)-0(4) 1.24(5) 
C(2)-N(2) 1.47(5) C(23)-C(24) 1.46(5) 
N(2)-C(3) 1.29(5) C(24)-N(4) 1.52(4) 
C(3)-C(4) 1.44(6) N(4)-C(25) 1.27(5) 
C(4)-C(9) 1.39(5) C(25)-C(26) 1.44(5) 
C(4)-C(5) 1.47(5) C(26)-C(31) 1.40(5) 
C(5)-0(1) 1.22(4) C(26)-C(27) 1.41(5) 
C(5)-C(6) 1.39(5) C(27)-0(5) 1.31(4) 
C(6)-C(7) 1.36(5) C(27)-C(28) 1.42(5) 
C(6)-C(11) 1.49(5) C(28)-C(29) 1.40(5) 
C(7)-C(8) 1.40(5) C(28)-C(33) 1.47(5) 
C(8)-C(9) 1.34(5) C(29)-C(30) 1.28(5) 
C(8)-C(10) 1.55(5) C(30)-C(31) 1.43(5) 
C(1 1)-0(2) 1.23(4) C(30)-C(32) 1.59(6) 
C(12)-C(13) 1.50(6) C(33)-0(6) 1.23(5) 
C(13)-N(3) 1.49(5) 
Table 3.9: 	Selected Bond Angles (°) for 
0(3)-Gd-0(5) 74.1(9) C(9)-C(4)-C(5) 121(3) 
0(3)-Gd-0(8) 78.7(10) C(3)-C(4)-C(5) 120(4) 
0(5)-Gd-0(8) 136.9(9) 0(1)-C(5)-C(6) 125(4) 
0(3)-Gd-0(1) 97.4(9) 0(1)-C(5)-C(4) 121(4) 
0(5)-Gd-0(1) 75.9(8) C(6)-C(5)-C(4) 114(4) 
0(8)-Gd-0(1) 75.2(9) C(5)-O(1)-Gd 135(2) 
0(3)-Gd-0(6) 96.0(10) C(7)-C(6)-C(5) 124(4) 
0(5)-Gd-0(6) 72.8(8) C(7)-C(6)-C(1 1) 116(4) 
0(8)-Gd-0(6) 143.6(8) C(5)-C(6)-C(1 1) 121(4) 
0(1)-Gd-0(6) 140.9(8) C(6)-C(7)-C(8) 121(4) 
0(3)-Gd-0(2) 15 1.0(9) C(9)-C(8)-C(7) 119(4) 
0(5)-Gd-0(2) 77.1(8) C(9)-C(8)-C(10) 119(3) 
0(8)-Gd-0(2) 122.5(9) C(7)-C(8)-C(10) 122(4) 
0(1)-Gd-0(2) 72.5(8) C(8)-C(9)-C(4) 121(3) 
0(6)-Gd-0(2) 78.0(9) 0(2)-C(1 1)-C(6) 127(4) 
0(3)-Gd-0(4) 73.1(8) C(11)-O(2)-Gd 132(2) 
0(5)-Gd-0(4) 126.6(8) N(1)-C(12)-C(1 3) 111(4) 
0(8)-Gd-0(4) 73.9(9) N(3)-C(13)-C(12) 113(4) 
0(1)-Gd-0(4) 148.9(8) C(14)-N(3)-C(13) 125(4) 
0(6)-Gd-0(4) 70.2(8) N(3)-C(14)-C(15) 128(4) 
0(2)-Gd-0(4) 128.8(8) C(14)-C(15)-C(20) 122(4) 
0(3)-Gd-0(7) 140.9(9) C(14)-C(15)-C(16) 122(4) 
0(5)-Gd-0(7) 144.1(8) C(20)-C(15)-C(16) 116(3) 
0(8)-Gd-0(7) 72.9(9) 0(3)-C(16)-C(17) 124(3) 
0(1)-Gd-0(7) 100.6(8) 0(3)-C(16)-C(15) 118(3) 
0(6)-Gd-0(7) 91.4(9) C(17)-C(16)-C(15) 117(3) 
0(2)-Gd-0(7) 68.0(8) C(16)-0(3)-Gd 137(2) 
0(4)-Gd-0(7) 73.6(8) C(18)-C(17)-C(16) 119(4) 
C(12)-N(1)-C(1) 113(3) C(18)-C(17)-C(22) 117(3) 
C(12)-N(1)-C(23) 108(3) C(16)-C(17)-C(22) 122(3) 
C(1)-N(1)-C(23) 106(3) C(17)-C(18)-C(19) 127(4) 
N(1)-C(1)-C(2) 108(3) C(20)-C(19)-C(18) 111(5) 
N(2)-C(2)-C(1) 108(3) C(20)-C(19)-C(21) 123(5) 
C(3)-N(2)-C(2) 126(3) C(18)-C(19)-C(21) 126(4) 
N(2)-C(3)-C(4) 125(4) C(19)-C(20)-C(15) 128(5) 
C(9)-C(4)-C(3) 119(3) 0(4)-C(22)-C(17) 125(4) 
C(22)-0(4)-Gd 134(3) C(27)-0(5)-Gd 138(2) 
C(24)-C(23)-N(1) 107(3) C(29)-C(28)-C(27) 120(3) 
C(23)-C(24)-N(4) 113(3) C(29)-C(28)-C(33) 118(3) 
C(25)-N(4)-C(24) 123(3) C(27)-C(28)-C(33) 122(3) 
N(4)-C(25)-C(26) 124(4) C(30)-C(29)-C(28) 124(4) 
C(31)-C(26)-C(27) 120(3) C(29)-C(30)-C(31) 119(4) 
C(31)-C(26)-C(25) 118(3) C(29)-C(30)-C(32) 124(3) 
C(27)-C(26)-C(25) 121(3) C(31)-C(30)-C(32) 116(3) 
0(5)-C(27)-C(26) 121(3) C(26)-C(31)-C(30) 119(4) 
0(5)-C(27)-C(28) 123(3) 0(6)-C(33)-C(28) 126(4) 
C(26)-C(27)-C(28) 117(3) C(33)-0(6)-Gd 137(3) 
3.2.9 Reaction of tris(2-aminoethyl)amine and 2,6 diformyl-4-t-butylphenol in 
the Presence of Y(C104)3, 7 
In contrast to the previous syntheses discussed in this chapter, which have all 
involved the reaction of a pre-formed tripodal ligand with lanthanoid ions, an attempt 
was made at a template synthesis using similar starting materials. Previous template 
reactions have analysed ambiguously and we had been unable to obtain crystals of 
sufficient quality for a single crystal X-ray structure determination. Hence this template 
reaction was performed after synthesis of a modified phenol containing a t-butyl group 
in the -4- position to add steric bulk and aid crystallisation. 
Three equivalents of 2,6-diformyl-4-t-butylphenol were dissolved in methanol 
and heated to reflux, one equivalent each of tris(2-aminoethyl)amine and 
Y(Cl04)3 .xH20 were added and the solution refluxed for further time. On slow 
evaporation of the reaction mixture yellow crystals began to appear. 
In order to determine the structure and compare it with complexes 3 to 6 
where a template procedure was not employed a single crystal X-ray structure was 
determined. 
The structure was shown to be [Y(L6H3)H20](C1O4)3. A cryptand ligand had 
formed which in comparison with the other ligands could be described as L 5H3 capped 
with a further equivalent of tris(2-aminoethyl)amine. The ratio of the reactants amine: 
phenol however was 1:3 not 2:3 as in the product. This suggests that the product 
formed is the most thermodynamically stable. It could be suggested that the 
yttrium(III) ion is of the correct size to form a template for the formation of the N 303 
cavity. 
Nelson et al have synthesised a series of such complexes with both 2,6-
diformyl-4-methylphenol and 2,6-diformyl-4-t-butylphenoL The unit cell data showed 
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the complex to be identical to one structurally characterised by Nelson et al 83 . The 
yttrium(M) is bound in one of the two identical N 303 cavities and in this case the metal 
is also bonded to the bridgehead amine nitrogen and an additional water giving an eight 
co-ordinate metal centre. The bond lengths 83 vary with the type of donor atom with Y-
0(phenol)=2.180(10)-2.304(l 1 )A, Y-O(H 20)=2.346( 1 3)A, Y-N(imine)=2.407( 14)A 
and Y-O(amine)=2.594(14)A. 
Figure 3.16: View of the Cation in [Y(L 6H3)H20](Cl04)3 
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3.2.10 General Synthesis of Lanthanoid Complexes of L 2H3 
Reaction of Ln(C104) 3 , Ln(NO3)3 and Ln(OA03 dissolved in methanol with a 
solution of L21-13  in dichioromethane resulted in yellow solids of varying solubility. 
Greatest solubility was observed for the complexes with perchlorate anions in 
acetonitrile and nitromethane solvents. The i.r spectra of these compounds all showed 
appropriate bands for the presence of the ligand and the available counter ion. 
The most likely structure for the complexes would be similar to that of 6 with 




Reactions of L'H3 with lanthanum(RI) affords a complex of formula 
[La(L'H3)H20](C104)3. The lanthanum(Ell) is ten co-ordinate bound to all nine oxygen 
donors from the ligand L'H 3 and an additional water molecule. The lanthanum(III) is in 
the upper cavity of the ligand with the lower cavity blocked by the presence of protons 
hydrogen bonded between the imine nitrogen and phenolic oxygen. The 
praseodymium(ffl) cation gives an isostructural compound on reaction with L'H 3 . 
However yttrium(III) in accordance with its smaller ionic radius, gives nine co-
ordination with L 1H3 and is bound to all nine oxygen donors from the ligand. 
Hydrolysis of the acetal functionality is shown to occur over time resulting in a 
gadolinium(HI) complex of L 5H3 . The cation is eight co-ordinate bound to three 
phenolic and three aldehyde oxygen donors from the ligand and two water molecules. 
It is probable that ligand L 2H3 , replacing the aldehyde group with a methyl ketone, 
exhibits similar complexation. 
A template condensation of tris(2-aminoethyl)amine and 2,6-diformyl-4-t-
butyiphenol in the presence of yttrium(III) was observed to give a macrobicydic 
ligand, L6H3 . The yttrium cation was co-ordinated in one of the two identical cavities 




3.4.1 Synthesis of [La(L 1H3)H20](C104)3, 3 
L'H3(0. 14g, 0. l9mmol) was dissolved in methanol (30cm 3) with warming. The 
solution was then filtered to remove any impurities. La(C10 4)3 .xH20 (0-119,  0.2mmol) 
was then added dropwise as a solution in methanol (10cm). No colour change was 
apparent but after a few minutes stirring a yellow precipitate was observed. The 
reaction mixture was stirred for a further hour at 40°C. It was then filtered and the 
light yellow precipitate collected and dried in vacuo. (Yield- 0.20g, 84%); Analysis; 
Found: C, 39.3: H, 5.21: N, 4.46. C40H62N4024C13La requires: C, 39.1: H, 5.05: N, 
4.56; I.R.(Nujol mull) 1648s, 1556s, 1299m, 1242m, 1212m, 1184m, 1155m, 1040s, 
867m, 810s; F.a.b. mass spectrum (3-NOBA) m/z 879={La(L 1 H3)H201, m/z 849= 
[La(L'H3)H20I with the loss of one -OMe group, m/z 719=[L'H3]'. 1H nmr; 
=2.27(s), 3.08(s), 3.26(s), 3.48(s), 5.52(s), 7.40(s), 7.54(s), 8.53(d) and 12.9 (broad). 
3.4.2 Single Crystal X-ray Structure of [La(L'H3)H20](C104)3, 3 
Yellow blocks of X-ray diffraction quality were obtained by vapour diffusion of 
diethyl ether into a nitromethane solution of the complex at 258K. 
The structure was solved by direct methods using SHELXS-86 and refined 
using SHELXL-93. During refinement disorder was modelled in two of the perchiorate 
anions and two of the nitromethane solvent molecules. For the perchiorate anions the 
oxygen atoms were disordered over several sites and refined with partial site 
occupancies. The two solvent molecules were disordered over two orientations for 
each molecule. 
All non-H atoms within the cation were refined with anisotropic thermal 
parameters as were the Cl atoms of the anions. All H-atoms were fixed in calculated 
positions. 
Crystal data for 3 is given in table 3.10. 
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3.4.3 Synthesis of [Pr(L 1H3)H20](C104)3, 4 
[Pr(L'H3)H20](C 104)3 was synthesised by the same procedure as 
[La(L'H3)H20](C104)3 using Pr(C10 4)3 .xH20 instead of La(C104)3 .xH20. Yield--O. 19g, 
80%.Elemental analysis found: C, 39.3: H, 5.36: N, 4.47. CH62N4024Cl3Pr requires: 
C, 39.0: H, 5.04: N, 4.56. F.a.b. mass spectrum (3-NOBA) m/z 881=[Pr(L'H3)H20], 
m/z 851= [Pr(L'H3)H201 with the loss of one -OMe group, m/z 7 19=[L'H3].  'H nmr; 
&= -4.7(s). -1.1(s), -0.5(d), 1.3(s), 1.9(t), 3.0(s), 4.5(s), 6.2(d), 6.6(d), 10.3(s), 
11.2(s), 14.5(s) and 30.3(s). 
3.4.4 Single Crystal X-ray Structure of [Pr(L'H3)H20](C104)3, 4 
Yellow tablet of X-ray diffraction quality were obtained by vapour diffusion of 
diethyl ether into a nitromethane solution of the complex at 258K. 
The structure was solved by direct methods using SHELXS-86 and refined 
using SHELXL-93. Unit cell dimensions were similar to compound 3. During 
refinement disorder was modelled in two of the perchlorate anions and two of the 
nitromethane solvent molecules. For the perchiorate anions the oxygen atoms were 
disordered over several sites and refined with partial site occupancies. The two solvent 
molecules were disordered over two orientations for each molecule. 
All non-H atoms within the cation were refined with anisotropic thermal 
parameters as were the Cl atoms of the anions. All H-atoms were fixed in calculated 
positions. 
Crystal data for 4 is given in table 3.10. 
3.4.5 Synthesis of [Y(L 1H3)](C104)3, 5 
[Y(L'H3)](Cl04)3 was synthesised by the same procedure as 
[La(L'H3)H20](C 104)3 using Y(Cl04)3 .xH20 instead of La(C104)3.xH2O. Yield--0.17g, 
79%. Elemental analysis found: C, 40.1: H, 5.62: N, 4.92. C 40H62N4024C13Y requires: 
C, 40.8: H, 5.30: N, 4.76. F.a.b. mass spectrum (3-NOBA) m/z 810=[Y(L'H3)]. 
M. 
3.4.6 Single Crystal X-ray Structure of [Y(L 1H3)](C104)3 , 5 
Yellow blocks of X-ray diffraction quality were obtained by vapour diffusion of 
diethyl ether into an acetonitrile solution of the complex at 258K. 
The structure was solved by direct methods using SHELXS-86 and refined 
using SHELXL-93. During refinement disorder was modelled in two of the perchiorate 
anions. For the perchiorate anions the oxygen atoms were disordered over several sites 
and refined with partial site occupancies. 
All non-H atoms within the cation were refined with anisotropic thermal 
parameters as were the Cl atoms of the anions. All H-atoms were fixed in calculated 
positions. 
Crystal data for 5 is given in table 3.11. 
3.4.7 The Synthesis of [Gd(L 5H3)(H20)2](C104)3, 6 
[Gd(L'H3)](C104)3 .2MeOH (150mg,0.12mmol) was dissolved in acetonitrile 
(50m1). Then Cu(Cl04)2 .6H20 (44mg, 0.12mmol) was added dropwise as an 
acetonitrile solution, a colour change was observed to give a light green solution. N,N 
diisopropyl-ethylamine (3.2cm3 of 0.1 148mo1 dm -3  solution in acetonitrile, 0.36mmol) 
was then added immediately. The solution was left to stir for one hour at room 
temperature. It was then concentrated by rotary evaporation to half the original 
volume, diethyl ether was added and precipitated a yellow green product. This was 
collected by filtration and washed with ethanol. 
Recrystallisation from CH 3CN/diethyl ether took place over a number of 
weeks. F.a.b. mass spectrum (3-NOBA) m/z 783=[Gd(L5H3)(H20)2],  m/z 763= 
[Gd(L5H3)H20]t 
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3.4.6 Single Crystal X-ray Structure of [Gd(L 5H3)(H20)2](C104)3, 6 
Green/Yellow plates of X-ray diffraction quality were obtained by vapour 
diffusion of diethyl ether into a nitromethane solution of the complex at 25 8K. 
The structure was solved by direct methods using SHELXS-86 and refined 
using SHELXL-93. Due to poor crystal quality and peak overlap because of one 
longer axis in the unit cell (c=40.77(4)A) the data was such that all atoms were refined 
isotropically. 
All H-atoms were fixed in calculated positions. No disorder was modelled due 
to poor quality data. 
Crystal data for 5 is given in table 3.11. 
3.4.7 The Synthesis of [Y(L 6H3)H20](C104)3, 7 
2,6-diformyl-4-t-butylphenol (0.5g. 2.4mmol) was dissolved in 50cm3 of 
methanol and heated to reflux. Y(Cl0 4)3 .xH2O (0.4g, 0.08mmol) was dissolved in 
methanol (10cm3) and added dropwise to the refluxing solution. After a couple of 
minutes stirring tris(2-aminoethyl)amine (0.08mmol) was added. The solution changed 
to bright yellow colour at this stage. The solution was then refluxed for a further hour. 
It was then allowed to cool and left to evaporate slowly at room temperature over a 
few days resulting in formation of a large number of yellow crystals. 
%.Elemental analysis found: C, 44.4: H, 5.93: N, 8.74. C 47H72N8019Q3Y 
requires: C, 45.2; H, 5.81: N, 8.98. CRYSTAL SYSTEM: monoclinic; SPACE 
GROUP C 2/c; UNIT CELL; a=18.287(4), b=21.750(4), c=35.642(6)A; f3=92.62(2)°. 
This is isostructural with a complex reported by Nelson et a1 83 therefore refinement 
was not completed. 
3.4.9 General Synthesis of Ln(L 2H3) Complexes 
L2H3  (0.22g, 0.33mmol) was dissolved in dichioromethane (10cm). The 
lanthanoid salt (0.33mmol, (For example: 0.19gLa(Cl0 4)3 )) was added dropwise to 
this solution with stirring as a solution in methanol. A slight colour change was 
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apparent from a deep orange to give a yellow solution. The mixture was stirred for a 
further hour and then concentrated to half volume by rotary evaporation. A yellow 
precipitate was present at this point which was collected by vacuum filtration and dried 
in vacuo. Analysis; Found: C, 34.36: H, 4.08: N, 4.67. C39H52N4020U3La requires: C, 
41.0: H, 4.56: N, 4.91; I.R.(Nujol mull) 1636.2s, 1531s, 1498m, 1259m, 1049s, 811m 
cm'; F.a.b. mass spectrum (3-NOBA) m/z 905=[La(L 2H3)(H20)2(Cl04)] with loss of 
CH3CO, mlz 805=[La(L 2H3)(H20)2] with loss of CH3C0. 
3.4.10 Preparation of 2,6-diformyl-4-t- butyiphenol 
t-Butylphenol (15g, 0.1mole) was dissolved in glacial acetic acid 
(250cm3)along with hexamethylene tetramine (28g, 0.2moles) and water (6cm 3 , 
0.33moles). The reaction mixture was refluxed for six hours, then cooled to room 
temperature. It was then hydrolysed with a mixture of sulphuric acid (7g) in 100cm 3 of 
water at 80°C for one hour. The reaction mixture was then rotary evaporated to 
remove about 3/4 of the acetic acid. The remaining solution was then added to 500cm 3 
of ice/water mix. 
The organic product was then extracted with three 100cm 3 aliquots of 
chloroform. This was washed with 2 x 150cm 3 10% sodium carbonate solution 






Figure3. 17: Formation of 2,6-diformyl-4-tbutylphenol 
89 
2M hydrochloric acid followed by 3 x 50cm 3 water and dried over sodium sulphate. 
The ether solution was then filtered and evaporated giving an orange oil. 
The orange oil could be crystallised to give a pale white solid by dissolution in 
ethanol and addition of a small amount of isopropylalcohol. Water was then added 
until the product was about to precipitate. The mixture was left to evaporate. 
Yield=14%. Elemental analysis found: C, 70.4: H, 6.92: N, 0. C 12H1403 requires: C, 
69.9: H, 6.80: N, 0. F.a.b. mass spectrum (3-NOBA) m/z 207=[C12H,40]. 'H nmr; = 
1.34(s,9H), 7.97(s,2H), 10.23(s,2H) and 11.47(s, 1H). 
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Table3.10: 	Crystal Data for Compounds 3 and 4 
Compound [La(L'H3)H201(C104)3 [Pr(L'H3)H20](C104)3 




M 1359.3 1363.3 
Crystal System monoclinic monoclinic 
Space Group P21/n P21/n 
Unit cell: 	a 13.013(3)A 12.9982(22)A 
b 25.275(17)A 25.265(8)A 
C 17.869(8)A 17.771(3)A 
a 90 90 
92.27(5) 92.282(12) 
90 90 
Volume 5873A 5831A 
Radiation Wavelength 0.71073A 0.71073A 
T 150.0K 150.0K 
Z 4 4 
D 1.510gcm 3 1.553gcm 3 
Crystal Dimensions 0.2x0.2x0.2 mm3 0.70x0.43x0.27 mm3 
.t(Mo-K) 0.937mm' 1.064mm' 
F(000) 2784 2800 
Theta range for Data Collection 5 !!~ 29 !!~ 450 5 !!~ 20!5 500 






Reflections Collected 7854 10547 
Independent Reflections 7633 10214 
Refinement Method Full matrix least 
squares on F2 
Full matrix least 
squares on F2 
Data/Restraints/Parameters 7604/17/719 10080/36/760 
Goodness of Fit on F2 1.034 1.039 
wR2 (all data) 0.1439 0.1609 
Ri (F> 4y(F)) 0.0500 0.0372 
Largest Difference Peak and Hole +1.067eÀ 3 , -0.760eA 3 818eA 3 ,-0.808eA 3 
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Table 3.11: Crystal Data for Compounds 5 and 6 
Compound [YL'H3](C104)3 [Gd(L5H3)(H20)2](C104)3 
Empirical Formula C45H63C13N7021Y C39H45C12N4017CuGd 
M 1223.3 1133.5 
Crystal System monoclinic monoclinic 
Space Group P 2 11c P 2 1/c 
Unit cell: 	a 17.381(13)A 10.845(10)A 
b 17.070(12)A 11.641(11)A 
c 19.835(14)A 40.77(4)A 
cc 90 90 
94.74(6) 93.21(7) 
90 90 
Volume 5864A 5139A 
Radiation Wavelength 0.71073A 0.71073A 
T 220K 150K 
Z 4 4 
DC 1.397gcm 3 1.465gcm 3 
Crystal Dimensions 0.4x0.4x0.1 mm3 0.61x0.33x0.15 mm 3 
.t(Mo-Ka) 1.208mm 1 1.864mm 1 
F(000) 2560 2280 
Theta range for Data Collection 5:5 29 !~ 450  5:5 28 <— 450 
Index ranges -18 <h < 18 
0<k<18 
0<1<21 
-11 <h < 11 
0.<k<12 
0<1<43 
Reflections Collected 7985 9696 
Independent Reflections 7667 6706 
Refinement Method Full matrix least 
squares on F2 
Full matrix least 
squares on F2 
Data/Restraints/Parameters 7628/0/632 6333/0/286 
Goodness of Fit on F2 0.987 1.006 
wR2 (all data) 0.1830 0.3201 
R  (F> 4a(F)) 0.0553 0.1425 
Largest Difference Peak and Hole +0.7 17eA 3 , -0.542eA 3 +2.708eA 3 ,-4.097ek3 
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Chapter Four 
Mononuclear Transition Metal Complexes 
of Schiff Base 
Ligands L2H3, L5H3 and L6H3 
4.1 Introduction 
4.1.1 Ligand Systems 
The ligand systems used for the complexation of first row transition metals in 
this chapter are initially L2H3 and L5H3 , see Figure 4.1. The synthesis and complexation 





Figure 4.1 	Initial Schiff Base Ligands for Complexation, L 2H3 (R=Me) and 
L5H3 (R=H) 
The ligands used differ in their co-ordination from lanthanoids to the smaller 
transition metals which will characteristically give co-ordination numbers of six or 
lower. Both L2H3 and L5H3 contain an upper 0303 cavity and a lower N 303 cavity 
offering two potential sites with six donor atoms available. However as in the previous 
chapter the lower cavity is effectively blocked from co-ordination by the presence of 
protons hydrogen bonded between the phenolic oxygens and the imine nitrogens. No 
co-ordination is observed to the ligand L'H 3 which was shown to form stable 
lanthanoid complexes. In the presence of nickel(ll) hydrolysis of the acetal groups of 
L'H3 occurs to give L5H3 . A similar reaction had previously been observed for the 
gadolinium(ffl) complex of ligand L'H 3 in the presence of copper(H). 
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4.1.2 Stepwise Template Synthesis 
In the previous chapter the synthesis of the yttrium(ffi) complex of ligand L 6H3 
was accomplished by a direct template procedure in which the reactants for ligand 
formation were reacted in the presence of the yttrium(ffl) cation. An alternative to this 
procedure would be to form an initial complex which could then react further to give 
the desired product. Such a synthetic method has been shown to give increased yields 
and greater control of the reaction products 81 . It also of interest if the desired product 
is not the most thermodynamically stable from a direct synthesis. 
In an alternative attempted synthesis of ligands of the type L 6H3 transition 
metal complexes of L 21-13 which has three ketone groups were reacted with a further 
equivalent of amine containing compounds, resulting in a ligand with two identical 
N303  cavities for co-ordination. Gagné has previously adopted such a strategy to form 
a cryptand ligand as a bimetallic transition metal complex 59 , 
4.1.3 Monometallic Schiff Base Ligand Complexes 
Ligand systems based on the tris(2-aminoethyl)amine condensation with 
salicylaldehyde derivatives have previously been used to form mono- and polymetallic 




Figure 4.2: 	Tren/Salicylaldehyde Ligand (R=H, Cl and R'= OMe, H) 
This ligand has been mainly used for co-ordination to metal(ffl) centres with 
structures reported for 5-chioro derivative as the iron(HI) complex 32 '70 and the 3-
methoxy derivative as the manganese (III) complex 96. These ligands show a similar 
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N303 lower cavity to our ligand systems but in this case deprotonation of the phenolic 
oxygens has taken place and hence co-ordination occurs to the three imine nitrogens 
and the three phenolic oxygens. In the iron(HI) structure the molecule lies on a 
crystallographic three fold axis passing through the bridgehead nitrogen and the 
iron(III) cation and shows essentially octahedral co-ordination 32 . 
The manganese (ifi) complex characterised by Vigato was made by a direct 
template of tris(2-aminoethylamine) and 3-methoxysalicylaldehyde in the presence of 
manganese(ll) acetate and lithium hydroxide. The co-ordination around the manganese 
is almost identical to that around the iron(HI) complex previously described, co-
ordinated in the same N 303 cavity but no crystallographic three fold axis is present as 
the crystal system is monoclinic rather than cubic as the iron(III) complex. 
In contrast to this work a recent report by Nelson and co-workers showed the 
ligand derived from tris(2-aminothyl)amine and salicylaldehyde, with no further 
funtionalisation, forming a tetranuclear complex of manganese(ffl) 29. The complex in 
this case showed co-ordination of the bridgehead nitrogen as well as all of the atoms in 
the N303 cavity. The formulation of the complex cation was [Mn 402(L)2 } 2 , with two 
differing co-ordination environments for the manganese(ffl) centres, see Figure 4.3. 
Two of the metal centres were bound to an imine nitrogen and a phenolic oxygen from 
two ligand arms, an oxo atom and the bridgehead nitrogen, the other two bound to 
three phenolic oxygens, two oxo atoms and an imine nitrogen. This species could be 





Figure 4.3: Mn4 Core of Complex Synthesised by Nelson et a! 
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The salicylaldehyde based ligands are of interest due to the N 303 cavity which 
is also available in the ligand systems we have characterised and studied the 
complexation of. A series of complexes where the phenolic oxygen is replaced by 
pyridine nitrogen were structurally characterised by Lingafelter and co-workers in 






Figure 4.4 	Pyridine Type Ligand 
Macrocydic ligands have also been used to study the complexation of mixed 
oxygen/nitrogen donor ligands on the complexation of transition metals' °5"06. In 1994 
Lindoy and co-workers reported structures of nickel(II) and copper(II) complexes of 
an N202  donor macrocycle with an additional two pendent 2-pyridylmethyl groups
107
, 
see Figure 4.5. The nickel(II) centre was shown to be octahedral bound to all four 
nitrogen donors from the ligand and a nitrate counter ion while the copper(III) centre 
was five co-ordinate bound to all the ligand nitrogen donors and to one of the oxygen 
donor atoms. 
INRNRI$D 
Figure 4.5 	Macrocycle Containing Four Nitrogen and Two Oxygen Donors 
(R=CH2C5H4N) 
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4.2 Results and Discussion 
4.2.1 The Hydrolysis of L 1H3 in the Presence of Ni(C10 4)2 , 8 
Reaction of Ni(C104) 2  dissolved in methanol with. a solution of an equimolar 
amount of ligand L'H3  in dichloromethane gave a gradual colour change resulting in a 
yellow green solution. On concentration a yellow/green precipitate was obtained. 
Recrystallisation could be carried out by diethyl ether diffusion into a nitromethane 
solution of the product. The i.r spectrum is characteristic of the presence of a metal co-
ordinated Schiff base ligand and perchlorate anions. The band for the imine stretching 
vibration shows a shift from 1636cm' in metal free L'H 3 to 1648cm' for the product. 
F.a.b mass spectrometry shows a major peak for the molecular ion of the hydrolysed 
product, [Ni(L5H3)] at mlz=641 and for [Ni(L 5H3)(Cl04)] at m/z=741. The elemental 
analysis was also consistent with reaction product. 
This reaction is analogous to that of gadolinium(ffl) complex of the ligand 
L'H3  discussed in the previous chapter. Hydrolysis of the acetal functionality is 
observed to give an aldehyde. A methyl acetal is not of high stability in solution with 
any water present. The lanthanoid (III) complexes of ligand L 1 H3 were stable and 
could be isolated and crystallised. This does not appear to be the case with transition 
metal complexes indicating that in the lanthanoid complexes the acetal functionality is 
stabilised by co-ordination to the metal centre. 
4.2.2 The Single Crystal X-ray Structure of [Ni(L 5H3)](C104)2 , 8 
Light green needles of X-ray quality were obtained from diffusion of diethyl 
ether into a nitromethane solution of the complex at 298K. Details of the structure 
solution and refinement are given in the experimental section. Selected bond lengths 
and angles are given in table 4. 1, and a view of the cation is presented in Figure 4.6. 
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Table 4.1: 	Selected Bond Lengths (A) and Angles (°) for 8 
Ni-0(43) 1.992(3) Ni-0(23) 2.001(4) 
Ni-0(3) 2.010(4) Ni-0(41) 2.039(4) 
Ni-0(21) 2.042(4) Ni-0(1) 2.063(4) 
0(1)-C(1) 1.233(6) C(1)-C(2) 1.441(8) 
C(2)-C(7) 1.401(7) C(2)-C(3) 1.441(7) 
C(3)-0(3) 1.283(6) C(3)-C(4) 1.419(7) 
C(4)-C(5) 1.397(8) C(4)-C(9) 1.439(8) 
C(5)-C(6) 1.368(8) C(6)-C(7) 1.394(8) 
C(6)-C(8) 1.511(8) C(9)-N(10) 1.285(7) 
N(10)-C(11) 1.468(7) C(11)-C(12) 1.514(9) 
C(12)-N(60) 1.472(7) 0(21)-C(21) 1.230(7) 
C(21)-C(22) 1.447(8) C(22)-C(27) 1.405(7) 
C(22)-C(23) 1.423(7) C(23)-0(23) 1.291(6) 
C(23)-C(24) 1.432(7) C(24)-C(25) 1.401(8) 
C(24)-C(29) 1.430(8) C(25)-C(26) 1.374(8) 
C(26)-C(27) 1.378(8) C(26)-C(28) 1.518(8) 
C(29)-N(30) 1.289(7) N(30)-C(31) 1.466(7) 
C(31)-C(32) 1.517(9) C(32)-N(60) 1.466(7) 
0(41)-C(41) 1.235(6) C(41)-C(42) 1.443(7) 
C(42)-C(47) 1.389(7) C(42)-C(43) 1.433(7) 
C(43)-0(43) 	- 1.285(6) C(43)-C(44) 1.437(7) 
C(44)-C(45) 1.390(8) C(44)-C(49) 1.428(7) 
C(45)-C(46) 1.388(8) C(46)-C(47) 1.383(8) 
C(46)-C(48) 1.504(8) C(49)-N(50) 1.283(7) 
N(50)-C(51) 1.475(7) C(51)-C(52) 1.518(8) 
C(52)-N(60) 1.469(7) 
0(43)-Ni-0(23) 89.29(14)0(43)-Ni-0(3) 88.5(2) 
0(23)-Ni-0(3) 88.1(2) 0(43)-Ni-0(41) 89.59(14) 
0(23)-Ni-0(41) 96.9(2) 0(3)-Ni-0(41) 174.6(2) 
0(43)-Ni-0(21) 176.7(2) 0(23)-Ni-0(21) 89.87(14) 
0(3)-Ni-0(21) 94.6(2) 0(41)-Ni-0(21) 87.4(2) 
•0(43)-Ni-0(1) 96.1(2) 0(23)-Ni-0(1) 173.6(2) 
0(3)-Ni-0(1) 88.5(2) 0(41)-Ni-0(1) 86.8(2) 
0(21)-Ni-0(1) 85.0(2) C(1)-0(1)-Ni 122.7(3) 
0(1)-C(1)-C(2) 126.8(5) C(7)-C(2)-C(1) 117.0(5) 
C(7)-C(2)-C(3) 118.9(5) C(1)-C(2)-C(3) 123.9(5) 
0(3)-C(3)-C(4) 120.4(5) 0(3)-C(3)-C(2) 122.7(5) 
C(4)-C(3)-C(2) 116.8(5) C(3)-0(3)-Ni 126.3(3) 
C(5)-C(4)-C(3) 121.0(5) C(5)-C(4)-C(9) 118.0(5) 
C(3)-C(4)-C(9) 121.0(5) C(6)-C(5)-C(4) 122.5(5) 
C(5)-C(6)-C(7) 117.3(5) C(5)-C(6)-C(8) 122.2(6) 
C(7)-C(6)-C(8) 120.4(6) C(6)-C(7)-C(2) 123.3(5) 
N(10)-C(9)-C(4) 123.9(5) C(9)-N(10)-C(11) 123.4(5) 
N(10)-C(11)-C(12) 111.6(5) N(60)-C(12)-C(11) 112.9(5) 
C(21)-0(21)-Ni 	' 126.4(4) 0(21)-C(21)-C(22) 127.5(5) 
C(27)-C(22)-C(23) 119.5(5) C(27)-C(22)-C(21) 117.3(5) 
C(23)-C(22)-C(21) 123.2(5) 0(23)-C(23)-C(22) 124.3(5) 
0(23)-C(23)-C(24) 119.1(5) C(22)-C(23)-C(24) 116.6(5) 
C(23)-0(23)-Mi 128.4(3) C(25)-C(24)-C(29) 118.6(5) 
C(25)-C(24)-C(23) 120.3(5) C(29)-C(24)-C(23) 120.9(5) 
C(26)-C(25)-C(24) 123.0(5) C(25)-C(26)-C(27) 116.9(5) 
C(25)-C(26)-C(28) 122.9(6) C(27)-C(26)-C(28) 120.2(6) 
C(26)-C(27)-C(22) 123.7(5) N(30)-C(29)-C(24) 124.5(5) 
C(29)-N(30)-C(31) 122.5(5) N(30)-C(31)-C(32) 111.8(5) 
N(60)-C(32)-C(31) 113.3(5) C(41)-0(41)-Ni 125.3(3) 
0(41)-C(41)-C(42) 127.6(5) C(47)-C(42)-C(43) 119.6(5) 
C(47)-C(42)-C(41) 117.4(5) C(43)-C(42)-C(41) 122.8(5) 
0(43)-C(43)-C(42) 123.8(4) 0(43)-C(43)-C(44) 119.7(5) 
C(42)-C(43)-C(44) 116.5(5) C(43)-0(43)-Ni 128.5(3) 
C(45)-C(44)-C(49) 119.3(5) C(45)-C(44)-C(43) 120.3(5) 
C(49)-C(44)-C(43) 120.4(5) C(46)-C(45)-C(44) 123.2(5) 
C(47)-C(46)-C(45) 116.1(5) C(47)-C(46)-C(48) 122.3(6) 
C(45)-C(46)-C(48) 121.6(6) C(46)-C(47)-C(42) 124.2(5) 
N(50)-C(49)-C(44) 124.4(5) C(49)-N(50)-C(51) 123.9(5) 
N(50)-C(51)-C(52) 110.9(5) N(60)-C(52)-C(51) 113.2(5) 
C(32)-N(60)-C(52) 108.9(5) C(32)-N(60)-C(12) 110.3(5) 
C(52)-N(60)-C(12) 109.9(4) - 
rai 
Figure 4.6: 	A View of the Cation [Ni(L5H)]2 
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The cation has the structure [Ni(L 5H3)] 2t The nickel(II) centre is six co-
ordinate, bound to the six available oxygen donors from the ligand, three phenolic 
oxygens and three aldehyde oxygens. As expected the nickel(11) cation occupies the 
upper cavity of the ligand with the protons from the phenolic oxygen forming a 
hydrogen bond to the imine nitrogen. 
The nickel(ll)-oxygen distances vary with the type of oxygen donor giving: 
Ni0(pheno1)= 1 .992(3)-2.O 1O(4)A and Ni-O(aldehyde)=2.039(4)-2.063(4)A. 
4.2.3 The Synthesis of [Zn(L 5H3)](NO3)2 
The same procedure was adopted as in the synthesis of 8 in this case resulting 
in a yellow solution and formation of a yellow precipitate after a few minutes stirring. 
It was expected that the hydrolysis of the acetal funtionality of L'H 3 had taken place as 
in 8. The reaction was performed both with one equivalent and a two fold excess of 
Zn(NO3 ) 2 .3H20. 
F.a.b. mass spectrometry gave almost identical spectra for the reaction 
products from both reactions. The molecular ion [Zn(L 5H3)] at m/z=647 and a peak at 
m/z=7 11 which was assigned as [Zn(L 5H3)(NO3)] were present in both. The spectrum 
for the reaction with excess zinc(II) also gave an additional peak at mlz=739 which 
was unassigned. 
4.2.4 General Synthesis of [M(L 2H3)](NO3)2, M=Co, Ni, Cu and Zn 
Reaction of M(NO3)2 .3H20 dissolved in methanol with a solution of an 
equimolar amount of L2H3 in dichioromethane gave a precipitate on stirring at room 
temperature. Concentration of the solution yielded further product. 
In general the i.r. spectrum shows a broad band at 1630-36cm' with a 
shoulder. This band probably includes both the stretching vibration for the imine and 
the ketone bonds. In the metal free ligand two bands are observed at 1658cm' and 
1617cm 1 . F.a.b. mass spectrometry for the zinc(H) complex gives two major peaks the 
larger of which appears at m/z=73 1 and can be assigned as [Zn(L 2H3)]. The smaller 
peak at m/z=795 offers two alternative assignments as: [Zn 2(L2 HA' or 
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[Zn(L2H3)](NO3)t Simulation of the isotopic distribution of these peaks suggested that 
the latter assignment was the more appropriate. 
The ' 3C DEPT nmr of [Zn(L 2H3)](NO3)2 was collected at room temperature. 
A full assignment of the peaks was possible, see Table 4.3 
Table 4.2: 	Peak Assignment of ' 3C nmr of [Zn(L2H3)](NO3)2 







6123.01 PHENYL  
6123.43 PHENYLC 
6139.02 PHENYL CH 
6142.08 PHENYL CH 
6170.62 PIIENYL C-OH 
6177.63 
6205.20 -C=O- 
4.2.5 The Synthesis of [M(L 2H3)](C104)2, M=Co, Ni, Cu and Zn 
Reaction of M(Cl04)2 .6H20 as a methanolic solution with an equimolar 
amount of L2H3  in dichioromethane showed the expected colour change. The solution 
was stirred for twelve hours and some precipitate collected by filtration. Further 
product precipitated on concentration of the solution. 
The compounds [M(12H3)](Cl04)2 showed greater solubility in alcohols and 
most other solvents than [M(L 2H3)](NO3)2. The F.a.b. mass spectrum of the nickel(II) 
complex shows a peak for the molecular ion [Ni(L 2HA' at mlz=725 and a peak 
corresponding to [Ni(L2H3)(C104)1 at m/z=825. The i.r. spectrum were almost 
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identical to those of the complexes of type [M(L 
2  H3  )]21  synthesised with the nitrate 
cation differing only in the bands observed for the anions depending on whether nitrate 
or perchlorate was present. 
4.2.6 The Single Crystal X-ray Structure of [Zn(L 2H3)](Cl04)2 , 9 
Yellow plates of X-ray quality were obtained from diffusion of diethyl ether 
into an acetonitrile solution of the complex at 277K. Details of the structure solution 
and refinement are given in the experimental section. Selected bond lengths and angles 
are given in tables 4.3 and 4.4, and two views of the cation are presented in figures 4.7 
The cation has the structure [Zn(L 2H3 )] 2  with the zinc(II) centre six co-
ordinate bound to the six available oxygen donors from the ligand. The zinc(11) cation 
forms bonds to the three phenolic oxygens and the three ketone oxygens in the top 
cavity of the ligand. It is of interest to note the re-organisation of the ligand from the 
solid state structure of the metal free ligand. In the metal free ligand inter- and 
intramolecular it stacking interactions appeared to contribute to the ligand orientation 
and the ketone oxygens were directed in the opposite way from the phenolic oxygens. 
However disorder was observed suggesting facile rotation around the Ph-COCH 3 
bond. 
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Figure 4.7: 	View of the Cation [Zn(L 2H3)] 2 
The bond lengths are dependent on the nature of the oxygen donor with 
Zn-O(phenol)= 1.997 (4)-2.042(4)A  and Zn-O(ketone)=2.082(4)-2. 143(4)A showing 
shorter bonds to the phenol oxygens than to the ketone oxygens. A non-
crystallographic three fold axis has previously been observed with similar ligands 
passing through the bridgehead nitrogen and the metal centre. This is not observed in 
this complex as can be seen in figure 4.7. Two of the arms appear closer together at a 
calculated angle of the mean planes of the imine/phenol unit of 36.9 °. 
There is no evidence of hydrogen bonding in the crystal packing. The phenol 
proton was fixed in a hydrogen bonding position with the imine nitrogen. 
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Figure 4.8: 	Alternative View of the Cation [Zn(12H 3)] 2 
Figure 4.9: 	View of the Metal Co-ordination Sphere in [Zn(L 2H3)] 2 
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Table 4.3: 	Selected Bond Lengths (A) for 9 
Zn-0(5) 1.997(4) C(16)-C(17) 1.492(7) 
Zn-0(1) 2.041(3) C(18)-C(19) 1.417(7) 
Zn-0(3) 2.042(4) C(18)-C(23) 1.434(7) 
Zn-0(2) 2.082(4) C(19)-C(20) 1.385(7) 
Zn-0(4) 2.119(4) C(20)-C(21) 1.389(7) 
Zn-0(6) 2.143(4) C(20)-C(24) 1.521(7) 
N(1)-C(1) 1.469(6) C(21).C(22) 1.393(7) 
N(1)-C(14) 1.489(6) C(22)-C(23) 1.434(7) 
N(1)-C(27) 1.489(7) C(22)-C(25) 1.475(7) 
C(1)-C(2) 1.515(7) C(23)-0(3) 1.312(6) 
C(2)-N(2) 1.457(6) C(25)-0(4) 1.250(6) 
N(2)-C(3) 1.304(6) C(25)-C(26) 1.494(7) 
C(3)-C(5) 1.450(7) C(27)-C(28) 1.523(8) 
C(3)-C(4) 1.509(7) C(28)-N(4) 1.455(6) 
C(5)-C(6) 1.419(7) N(4)-C(29) 1.313(6) 
C(5)-C(10) 1.432(7) C(29)-C(31) 1.456(7) 
C(6)-C(7) 1.381(7) C(29)-C(30) 1.490(7) 
C(7)-C(8) 1.396(7) C(31)-C(32) 1.406(7) 
C(7)-C(1 1) 1.506(7) C(31)-C(36) 1.451(7) 
C(8)-C(9) 1.390(7) C(32)-C(33) 1.387(8) 
C(9)-C(10) 1.436(7) C(33)-C(34) 1.386(8) 
C(9)-C(12) 1.475(7) C(33)-C(37) 1.519(7) 
C(10)-O(1) 1.307(6) C(34)-C(35) 1.397(7) 
C(12)-0(2) 1.247(6) C(35)-C(36) 1.424(7) 
C(12)-C(13) 1.505(7) C(35)-C(38) 1.478(7) 
C(14)-C(15) 1.504(7) C(36)-0(5) 1.311(6) 
C(15)-N(3) 1.463(6) C(38)-0(6) 1.248(6) 
N(3)-C(16) 1.299(6) C(38)-C(39) 1.494(7) 
C(16)-C(18) 1.461(7) 
Table 4.4: 	Selected Bond Angles (°) for 9 
0(5)-Zn-0(1) 93.6(2) C(10)-0(1)-Zn 123.6(3) 
0(5)-Zn-0(3) 93.6(2) 0(2)-C(12)-C(9) 123.8(4) 
0(1)-Zn-0(3) 88.1(2) 0(2)-C(12)-C(13) 116.9(4) 
0(5)-Zn-0(2) 95.4(2) C(9)-C(12)-C(13) 119.2(4) 
0(1)-Zn-0(2) 84.1(2) C(12)-0(2)-Zn 128.0(3) 
0(3)-Zn-0(2) 168.37(13) N(1)-C(14)-C(15) 113.7(4) 
0(5)-Zn-0(4) 165.01(13) N(3)-C(15)-C(14) 111.8(4) 
0(1)-Zn-0(4) 100.4(2) C(16)-N(3)-C(15) 127.1(4) 
0(3)-Zn-0(4) 81.4(2) N(3)-C(16)-C(18) 119.5(4) 
0(2)-Zn-0(4) 91.5(2) N(3)-C(16)-C(17) 119.3(5) 
0(5)-Zn-0(6) 82.09(14) C(18)-C(16)-C(17) 121.1(4) 
0(1)-Zn-0(6) 174.26(14) C(19)-C(18)-C(23) 118.3(4) 
0(3)-Zn-0(6) 95.9(2) C(19)-C(18)-C(16) 120.0(4) 
0(2)-Zn-0(6) 92.5(2) C(23)-C(18)-C(16) 121.6(4) 
0(4)-Zn-0(6) 84.34(14) C(20)-C(19)-C(18) 123.2(5) 
C(1)-N(1)-C(14) 109.7(4) C(19)-C(20)-C(21) 117.7(5) 
C(1)-N(1)-C(27) 110.4(4) C(19)-C(20)-C(24) 121.0(5) 
C(14)-N(1)-C(27) 110.4(4) C(21)-C(20)-C(24) 121.3(5) 
N(1)-C(1)-C(2) 112.7(4) C(20)-C(21)-C(22) 122.7(5) 
N(2)-C(2)-C(1) 110.0(4) C(21)-C(22)-C(23) 119.9(5) 
C(3)-N(2)-C(2) 128.0(4) C(21)-C(22)-C(25) 119.1(4) 
N(2)-C(3)-C(5) 118.5(4) C(23)-C(22)-C(25) 121.0(4) 
N(2)-C(3)-C(4) 119.3(4) 0(3)-C(23)-C(22) 121 .5(4) 
C(5)-C(3)-C(4) 122.1(4) 0(3)-C(23)-C(18) 120.2(4) 
C(6)-C(5)-C(10) 119.1(4) C(22)-C(23)-C(18) 118.2(4) 
C(6)-C(5)-C(3) 118.9(4) C(23)-0(3)-Zn 116.2(3) 
C(10)-C(5)-C(3) 122.0(4) 0(4)-C(25)-C(22) 122.8(4) 
C(7)-C(6)-C(5) 123.0(4) 0(4)-C(25)-C(26) 117.6(5) 
C(6)-C(7)-C(8) 117.2(4) C(22)-C(25)-C(26) 119.6(5) 
C(6)-C(7)-C(11) 121.5(5) C(25)-0(4)-Zn 123.9(3) 
C(8)-C(7)-C(1 1) 121.3(4) N(1)-C(27)-C(28) 112.1(4) 
C(9)-C(8)-C(7) 123.3(5) N(4)-C(28)-C(27) 110.1(4) 
C(8)-C(9)-C(10) 119.7(4) C(29)-N(4)-C(28) 126.8(4) 
C(8)-C(9)-C(12) 118.6(4) N(4)-C(29)-C(3 1) 118.5(4) 
C(10)-C(9)-C(12) 121.8(4) N(4)-C(29)-C(30) 120.4(5) 
0(1)-C(10)-C(5) 120.3(4) . 	 C(31)-C(29)-C(30) 120.9(4) 
0(1)-C(10)-C(9) 121.9(4) C(32)-C(31)-C(36) 119.0(5) 
C(5)-C(10)-C(9) 117.7(4) C(32)-C(31)-C(29) 119.8(4) 
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C(36)-C(31)-C(29) 121.0(4) 0(5)-C(36)-C(35) 123.9(4) 
C(33)-C(32)-C(31) 122.6(5) 0(5)-C(36)-C(31) 118.5(4) 
C(34)-C(33)-C(32) 117.8(5) C(35)-C(36)-C(3 1) 117.6(4) 
C(34)-C(33)-C(37) 121.9(5) C(36)-0(5)-Zn 132.1(3) 
C(32)-C(33)-C(37) 120.4(5) 0(6)-C(38)-C(35) 122.2(4) 
C(33)-C(34)-C(35) 123.0(5) 0(6)-C(38)-C(39) 117.6(5) 
C(34)-C(35).-C(36) 119.8(5) C(35)-C(38)-C(39) 120.2(4) 
C(34)-C(35)-C(38) 118.9(5) C(38)-0(6)-Zn 127.5(3) 
C(36)-C(35)-C(38) 121.3(4) 
4.2.7 The Single Crystal X-ray Structure of [Ni(L 2H3)](C104)2 , 10 
Irregular green blocks of X-ray quality were obtained from diffusion of diethyl 
ether into a nitromethane solution of the complex at 277K. Details of the structure 
solution and refinement are given in the experimental section. Selected bond lengths 
and angles are given in tables 4.5 and 4.6, and two views of the cation are presented in 
figures 4.10 and 4.11. 
The cation has the structure [Ni(L 2H3)] 2 with the nickel(H) centre six co-
ordinate bound to the six available oxygen donors from the ligand. In an identical 
arrangement to the zinc(H) structure the nickel (II) cation forms bonds to the three 
phenolic oxygens and the three ketone oxygens in the top cavity of the ligand. 
Figure 4.10: A View of the Cation tNi(L 2H3)I 2 
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The bond lengths are dependent on the nature of the oxygen donor with 
Ni-O(phenol)=2.002(7)-2.0 11 (6)A and Ni-O(ketone)=2.033(6)-2.054(5)A, again 
showing shorter bonds to the phenol oxygens than to the ketone oxygens. Once again 
there is no three fold axis passing through the bridgehead nitrogen and the metal 
centre. The complex is isostructural with the zinc(][[) complex. The bonds to the 
phenol oxygen donors are in the same range as the zinc(III) complex and the bonds to 
the ketone oxygen donors slighty shorter (Zn-O(ketone)=2.082(4)-2. 143(4)A). Two of 
the arms appear closer together at a calculated angle of the mean planes of the 
imine/phenol unit of 47.10 (this contrasts with the zinc(II) structure which gave an 
angle of 36.9°). 
There is no evidence of hydrogen bonding in the crystal packing. The phenol 
proton was located in a hydrogen bonding position with the imine nitrogen. 
Figure 4.11: Alternative View of the Cation [Ni(L 2H3)] 2 
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Table 4 . 5: 	Selected Bond Lengths (A) for 10 
Ni-0(5) 2.002(7) C(16)-C(17) 1.497(6) 
Ni-0(3) 2.009(5) C(18)-C(23) 1.405(6) 
Ni-0(1) 2.011(6) C(18)-C(19) 1.440(6) 
Ni-0(4) 2.033(6) C(19)-0(3) 1.299(5) 
Ni-0(6) 2.051(6) C(19)-C(20) 1.431(7) 
Ni-0(2) 2.054(5) C(20)-C(21) 1.400(5) 
N(1)-C(27) 1.469(5) C(20)-C(25) 1.466(6) 
N(1)-C(1) 1.473(5) C(21)-C(22) 1.387(6) 
N(1)-C(14) 1.479(5) C(22)-C(23) 1.378(7) 
C(1)-C(2) 1.524(7) C(22)-C(24) 1.512(6) 
C(2)-N(2) 1.471(5) C(25)-0(4) 1.240(5) 
N(2)-C(3) 1.305(5) C(25)-C(26) 1.492(7) 
C(3)-C(5) 1.470(6) C(27)-C(28) 1.522(6) 
C(3)-C(4) 1.490(6) C(28)-N(4) 1.468(5) 
C(5)-C(10) 1.405(5) N(4)-C(29) 1.302(5) 
C(5)-C(6) 1.435(6) C(29)-C(31) 1.462(6) 
C(6)-O(1) 1.296(5) C(29)-C(30) 1.494(5) 
C(6)-C(7) 1.436(6) C(31)-C(36) 1.403(6) 
C(7)-C(8) 1.409(6) C(31)-C(32) 1.430(5) 
C(7)-C(12) 1.471(6) C(32)-0(5) 1.306(5) 
C(8)-C(9) 1.389(6) C(32)-C(33) 1.431(6) 
C(9)-C(10) 1.379(6) C(33)-C(34) 1.396(6) 
C(9)-C(1 1) 1.512(6) C(33)-C(38) 1.480(6) 
C(12)-0(2) 1.237(5) C(34)-C(35) 1.389(6) 
C(12)-C(13) 1.504(6) 	 . C(35)-C(36) 1.388(6) 
C(14)-C(15) 1.521(7) C(35)-C(37) 1.510(6) 
C(15)-N(3) 1.467(6) C(38)-0(6) 1.244(5) 
N(3)-C(16) 1.294(5) C(38)-C(39) 1.500(7) 
C(16)-C(18) 1.454(7) 
Table 4.6 	Selected Bond Angles (°) for 10 
0(5)-Ni-0(3) 89.6(2) 0(2)-C(12)-C(7) 123 .4(4) 
0(5)-Ni-0(1) 92.35(12) 0(2)-C(12)-C(13) 116.7(4) 
0(3)-Ni-0(1) 89.02(11) C(7)-C(12)-C(13) 119.9(3) 
0(5)-Ni-0(4) 171.47(10) C(12)-0(2)-Ni 132.5(2) 
0(3)-Ni-0(4) 85.5(2) N(1)-C(14)-C(15) 112.2(3) 
0(1)-Ni-0(4) 94.59(14) N(3)-C(15)-C(14) 110.9(3) 
0(5)-Ni-0(6) 84.82(12) C(16)-N(3)-C(15) 126.9(3) 
0(3)-Ni-0(6) 96.08(12) N(3)-C(16)-C(18) 118.8(3) 
0(1)-Ni-0(6) 174.14(10) N(3)-C(16)-C(17) 120.2(4) 
0(4)-Ni-0(6) 88.70(14) C(18)-C(16)-C(17) 121.0(4) 
0(5)-Ni-0(2) 96.5(2) C(23)-C(18)-C(19) 118.3(4) 
0(3)-Ni-0(2) 171.82(11) C(23)-C(18)-C(16) 120.3(3) 
0(1)-Ni-0(2) 85.32(12) C(19)-C(18)-C(16) 121.4(4) 
0(4)-Ni-0(2) 89.0(2) 0(3)-C(19)-C(20) 122.7(3) 
0(6)-Ni-0(2) 89.89(13) 0(3)-C(19)-C(18) 119.1(4) 
C(27)-N(1)-C(1) 111.6(3) C(20)-C(19)-C(18) 118.2(3) 
C(27)-N(1)-C(14) 109.7(4) C(19)-0(3)-Ni 128.1(3) 
C(1)-N(1)-C(14) 109.4(3) C(21)-C(20)-C(19) 119.1(3) 
N(1)-C(1)-C(2) 111.7(3) C(21)-C(20)-C(25) 118.9(4) 
N(2)-C(2)-C(1) 110.5(3) C(19)-C(20)-C(25) 122.0(3) 
C(3)-N(2)-C(2) 125.7(3) C(22)-C(21)-C(20) 123 .2(4) 
N(2)-C(3)-C(5) 118.9(3) C(23)-C(22)-C(21) 117.2(4) 
N(2)-C(3)-C(4) 121.2(4) C(23)-C(22)-C(24) 122.5(4) 
C(5)-C(3)-C(4) 119.9(3) C(21)-C(22)-C(24) 120.3(4) 
C(10)-C(5)-C(6) 119.8(3) C(22)-C(23)-C(18) 123.8(4) 
C(10)-C(5)-C(3) 118.9(3) 0(4)-C(25)-C(20) 123.8(4) 
C(6)-C(5)-C(3) 121.2(3) 0(4)-C(25)-C(26) 116.3(3) 
0(1)-C(6)-C(5) 119.6(3) C(20)-C(25)-C(26) 119.8(4) 
0(1)-C(6)-C(7) 122.8(3) C(25)-0(4)-Ni 130.1(2) 
C(5)-C(6)-C(7) 117.6(3) N(1).C(27)-C(28) 112.5(4) 
C(6)-0(1)-Ni 13 1.5(3) N(4)-C(28)-C(27) 110.3(3) 
C(8)-C(7)-C(6) 118.9(3) C(29)-N(4)-C(28) 126.6(3) 
C(8)-C(7)-C(12) 118.6(4) N(4)-C(29)-C(31) 119.0(3) 
C(6)-C(7)-C(12) 122.5(3) N(4)-C(29)-C(30) 119.5(4) 
C(9)-C(8)-C(7) 123.3(4) C(31)-C(29)-C(30) 121.5(3) 
C(10)-C(9)-C(8) 117.4(3) C(36)-C(31)-C(32) 119.2(4) 
C(10)-C(9)-C(11) 121.7(4) C(36)-C(31)-C(29) 
120.1(3) 
C(8)-C(9)-C(11) 120.9(4) C(32)-C(31)-C(29) 120.6(3) 
C(9)-C(10)-C(5) 122.9(4) 0(5)-C(32)-C(33) 122.0(3) 
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0(5)-C(32)-C(31) 120.1(3) C(36)-C(35)-C(37) 121.6(4) 
C(33)-C(32)-C(31) 117.8(3) C(34)-C(35)-C(37) 120.8(4) 
C(32)-0(5)-Ni 121.7(2) C(35)-C(36)-C(31) 122.9(3) 
C(34)-C(33)-C(32) 119.9(3) 0(6)-C(38)-C(33) 122.9(4) 
C(34)-C(33)-C(38) 119.1(4) 0(6)-C(38)-C(39) 117.0(3) 
C(32)-C(33)-C(38) 121.0(3) C(33)-C(38)-C(39) 120.0(3) 
C(35)-C(34)-C(33) 122.6(4) C(38)-0(6)-Ni 126.8(2) 
C(36)-C(35)-C(34) 117.6(3) 
4.2.8 Reaction of L2H3  with Cu(NO3)2 and tris(2-aminoethyl)amine 
The ligand L2H3  has three ketone groups present which could be reacted with 
further equivalents of an amine in a condensation reaction forming Schiff base linkages. 
An attempt was made to react L2H3 with a further equivalent of tris(2-
aminoethyl)amine in the presence of copper(ll). The copper(H) may act as a template 
ion for this reaction to produce a ligand of the type L6H3 . This type of cryptand ligand 
was observed in Chapter 3 as the yurium(ffl) complex. The synthesis of 
[Y(L6H3)H20](C104)3 was by a direct template of the ligand building blocks as 
opposed to the stepwise template, where the ligand is built up in two or more separate 
stages, employed in this case. 
Gagne and co-workers built up this ligand (with R=H, R'=Me), see Figure 
1.25, by a stepwise approach via the ligand L5113  which was synthesised by template 
around a sodium ion". The NaL 5H3]NO3 complex could be trans-metallated with 
copper(H) then reacted with a further metal on deprotonation, followed by a Schiff 
base condensation reaction with one equivalent of tris(2-aminoethyl)amine resulting in 
bimetallic complexes of the ligand L6113 . The route to synthesise such a complex we 
have adopted differs from that of Gagne and co-workers in that the free ligand, L2H3 , 
is the starting point, our ligand system contains ketone rather than aldehyde 
functionality and no attempt was made to deprotonate the ligand. Such ligands have 
also been produced by Nelson and co-workers using a sodium template. 836 
Reaction of a suspension of 12143 in methanol at 40°C with a methanolic 
solution of Cu(NO3)2 gave a dark olive green solution. On addition of tris(2-
aminoethyl)amine and stirring for a few minutes a bright green solution formed and 
stirred for a further 12 hours. On concentration and addition of diethyl ether an oily 
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precipitate formed which was collected by filtration. F.a.b mass spectrometry showed 
peaks corresponding to the expected product: [Cu(L 6HA'  at mlz=809, 
[Cu(L6H3)](NO3) at mlz=877 and [Cu(L6H3)](NO3)2 at m/z=939. Assignment of the 
peaks at mlz=877 and 939 was uncertain as there was possibilty of a further copper 
co-ordinated, peak simulation of the isotopic distribution did not clarify the matter in 
this case. 
Attempts at recrystallisation were made as vapour diffusions of diethyl ether 
into solutions of the product in acetonitrile, nitromethane and acetone. None were 
successful. 
4.2.9 Reaction of L 2H3 with Zn(NO3)2 and tris(2-aminoethyl)amine 
The same reaction procedure as with copper(H) in 4.2.8 was followed in an 
attempt to synthesise the zinc(][[) compound of the cryptand ligand. In this case no 
colour changes were apparent on the mixing of reactants. Some yellow solid was 
precipitated and further yellow solid could be collected on evaporation of the solvent. 
In this case however the predominant peak in the F.a.b mass spectrum was at 
m/z=73 1 corresponding to [Zn(L 2 HA' and no peaks were observed which could be 
assigned to the zinc complex of the cryptand ligand. Elemental analysis of crystals 
which formed on the evaporation of the solvent showed that a certain degree of 
decomposition had taken place to give some 2,6-diacetyl-4-methylphenol. 
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4,3 Conclusions 
Reactions of L2H3  with first row transition metals affords complexes of the 
general formula [M(L2H3)] 2 (where M=Co, Ni, Cu and Zn). The structurally 
characterised nickel(H) and zinc(H) complexes showed six co-ordinate metal centres 
with M(H) bound to all six oxygen donors from the ligand L2H3 . The metal ions are 
co-ordinated in the upper cavity 0 303 of the ligand rather than the lower N 303 cavity. 
This can be explained by the presence of three protons hydrogen bonding between the 
iminé nitrogens and phenolic oxygens in the lower cavity. These protons were located 
in the structure of [Ni(L 2H3)](C104)2. 
Reaction of nickel(II) with L'H 3 showed an immediate reaction hydrolysing the 
acetal functionality of the ligand to afford the complex [Ni(L 5H3)](C104)2. The 
resulting ligand is the aldehyde equivalent of L 2H3 with an upper 0303 cavity and a 
lower N303 . The hydrogen bonding is identical and hence the nickel(III) is co-ordinated 
in the upper cavity to all six available oxygen donors from the ligand. The immediate 
hydrolysis of L'H3  is in contrast to the stable lanthanoid complexes which can be 
isolated suggesting that in the case of lanthanoid(lll) complexation the acetal 
functionality is stabilised by metal co-ordination. 
A stepwise template procedure was attempted to produce cryptand ligands of 
the type L6H3 by reaction of the complexes of L2H3 with a further equivalent of tris(2-
aminoethyl)amine. Mass spectral evidence suggested that such a complex had been 
synthesised, however no structural determination was carried out. 
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4.4 Experimental 
4.4.1 Synthesis of [Ni(L 5H3)](C104)2, 8 
L'H3  (155mg, 0.21mmol) was dissolved in dichioromethane (10cm). Then 
Ni(C104)2 .6H20 (80mg, 0.21mmol) was added dropwise as a solution in methanol 
(20cm3) with stirring which resulted in a colour change over a few minutes giving a 
yellow/green solution. The reaction mixture was left to stir at room temperature for 
one hour. It was then allowed to evaporate slowly at room temperature resulting in the 
precipitation of a light green solid. The product was dried in vacuo.(Yield=126mg, 
69%). Analysis; Found: C, 45.9:H, 4.32: N, 6.77. C 34H42N4O14C12Ni requires: C, 45.3: 
H, 4.66: N, 6.22. F.a.b. mass spectrum (3-NOBA) m/z 741=[Ni(L5H3)(Cl04)]  and 
mlz 641={Ni(L5H3)]t 
4.4.2 Single Crystal X-ray Structure of [Ni(L 5H3)](C104)2 , 8 
Green/yellow needles of X-ray diffraction quality were obtained by vapour 
diffusion of diethyl ether into a nitromethane solution of the complex at 298K. 
The structure was solved by Dr A.J. White (Imperial College, London). H-
atoms for the cation were located on the difference map. 
Crystal data for 8 is given in table 4.7. 
4.4.3 Synthesis of [Zn(L 5H3)](NO3)2 
The synthesis of [Zn(L5H3)](NO3)2 was carried out by the same procedure as 
for [Ni(L5H3)] (C104)2 . 
Analysis; Found: C, 52.3:H, 4.78: N, 9.92. C 33H36N6012Zn.2MeOH requires: 
C, 50.12: H, 5.29: N, 10.0. F.a.b. mass spectrum (3-NOBA) mlz 
711=[Zn(L5H3)(NO3)] and m/z 647= [Zn(L 5H3)]. 
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4.4.4 Synthesis of [Zn(L2H3)](C104)2 , 9 
L2H3  (135mg, 0.2mmol) was dissolved in dichioromethane (10cm 3). Then 
Zn(C104)2 .6H20 (75mg, 0.2mmol) was added dropwise as a solution in methanol 
(20cm3) with stirring which gave a yellow solution with no obvious colour change. The 
reaction mixture was left to stir at room temperature for one hour resulting in the 
formation of a yellow precipitate. It was then evaporated under reduced pressure to 
half volume giving an increased precipitate. The product was dried in 
vacuo.(Yield=72%). Analysis; Found: C, 45.9:H, 4.32: N, 6.77. C 34H42N4014C12Ni 
requires: C, 45.3: H, 4.66: N, 6.22. F.a.b. mass spec (3-NOBA) m/z 731= [Zn(L 2H3)]. 
4.4.5 Single Crystal X-ray Structure of [Zn(L 1H3)](C104)2, 9 
Yellow plates of X-ray diffraction quality were obtained by vapour diffusion of 
diethyl ether into an acetonitrile solution of the complex at 277K. 
The structure was solved by direct methods using SHELXS-86 and refined 
using SHELXL-93. During refinement disorder was modelled in the two perchiorate 
anions. For the perchlorate anions the oxygen atoms were disordered over several sites 
and refined with partial site occupancies. 
All non-H atoms within the cation were refined with anisotropic thermal 
parameters as were the Cl atoms of the anions. All H-atoms were fixed in calculated 
positions. 
Crystal data for 9 is given in table 4.7. 
4.4.6 Synthesis of [Ni(L 2H3)](C104)2, 10 
12H3  (135mg, 0.2mmol) was dissolved in dichioromethane (10cm). Then 
Ni(Cl04)2.6H20 (73mg, 0.2mmol) was added dropwise as a solution in methanol 
(20cm) with stirring which resulted in a colour change to a light green solution. The 
reaction mixture was left to stir at room temperature for one hour resulting in the 
formation of a yellow precipitate. It was then to rotary evaporated to half volume 
giving an incresed precipitate. The product was dried in vacuo.(Yield= 70%). Analysis; 
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Found: C, 45.9:H, 4.32: N, 6.77. C 34H42N4014C12Ni requires: C, 45.3: H, 4.66: N, 
6.22. F.a.b. mass spectrum (3-NOBA) m/z 725= [Ni(L2H3)] and m/z 825= 
[Ni(L2H3)(C104)]t 
4.4.7 Single Crystal X-ray Structure of [Ni(L 2H3)](C104)2 , 10 
Irregular green blocks of X-ray diffraction quality were obtained by vapour 
diffusion of diethyl ether into a nitromethane solution of the complex at 277K. 
The structure was solved by direct methods using SHELXS-86 and refined 
using SHELXL-93. During refinement disorder was modelled in the two perchiorate 
anions and two of the nitromethane solvent molecules. For the perchiorate anions the 
oxygen atoms were disordered over several sites and refined with partial site 
occupancies. The two solvent molecules were disordered over two orientations for 
each molecule. 
All non-H atoms within the cation were refined with anisotropic thermal 
parameters as were the Cl atoms of the anions. All H-atoms were fixed in calculated 
positions. 
Crystal data for 10 is given in table 4.8. 
4.4.8 General Synthesis of [M(L 2H3)](C104)2 or [M(L2H3)](NO3)2 , 
M=Co,Ni,Cu, Zn 
L2H3  (0.2mmol) was dissolved in dichioromethane (10cm). Then required 
metal salt (0.2mmol) was added dropwise as a solution in methanol (20cm 3) with 
stirring which gave the expected colour change. The reaction mixture was left to stir at 
room temperature for one hour resulting in the formation of a precipitate. It was then 
rotary evaporated to half volume giving further precipitate. The product was dried in 
vacuo. M=Co, Elemental Analysis; Found: C, 47.6:H, 5.71: N, 5.85. 
C34H42N4014C12C0 requires: C, 50.5: H, 5.18: N, 6.05. F.a.b. mass spectrum (3-
NOBA) m/z 726= [Co(L2H3)] and m/z 825= [Co(L 2H3)(Cl04)]t M--Cu, Elemental 
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Analysis; Found: C, 43.5:H, 5.35: N, 5.66. C34H42N4014C12Cu requires: C, 50.3: H, 
5.20: N, 6.02. F.a.b. mass spectrum (3-NOBA) m/z 730= [Cu(L 2H3)]. 
4.4.9 Reaction of L2H3 with Cu(NO3)2 and tris(2-aminoethyl)amine 
L2H3  (135mg, 0.2mmol) was stirred as a suspension in methanol (60cm). 
Cu(NO3)2 .3H20 (50mg, 0.2mmol) was added dropwise as a solution in methanol 
(10cm) giving an immediate formation of a dark olive green solution. After a few 
minutes stirring there was no remaining undissolved L 2H3. An excess of tris(2-
aminoethyl)amine (0.05cm 3) was then added by syringe. This resulted in almost 
immediate formation of a bright green solution. The solution was then allowed to stir 
for a further 15 hours at room temperature. F.a.b. mass spectrum (3-NOBA) mlz 939= 
[Cu(L6H3)(NO3)2], m/z877= [Cu(L6H3)(NO3)] and mlz 809= [Cu(L6H3)]. 
4.4.10 Reaction of L 2H3 with Zn(NO3)2 and tris(2-aminoethyl)amine 
The above procedure was used to perform the same reaction with 
Zn(NO3)2 .3H20 replacing Cu(NO 3)2.3H20. The yellow solution produced a yellow 
precipitate and no colour changes were apparent. F.a.b. mass spectrum (3-NOBA) m/z 
731= [Zn(L2H3)]. IR(Nujol mull): 1638s, 1534s, 144m, 1156m, 1082w, 1036w, 875w 
cm_i . 
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Table 4.7: 	Crystal Data for Compounds 8 and 9 
Compound [Ni(L5H3)](C104)2 [Zn(L2H3)](C104)2 
Empirical Formula C33H33NiN406.2C104. 
1 .5CH3NO2  
C41 H5102N5014Zn 
M 930.81 974.14 
Crystal System triclinic triclinic 
Space Group P-i P-i 
Unit cell: 	a 10.373(3)A 10.408(9))A 
b 12.450(2)A 13.149(8)A 
c 17.343(3)A 17.227(14)A 
a 105.00(1)0 94.91(6)° 
91.64(1)° 90.14(7)° 
Y 97.43(1) ° 113.09(6)° 
Volume 2140.7(7)A3 2159(3)A3 
Radiation Wavelength 1.54178A 0.71073A 
T 293(2)K 150.0K 
Z 2 2 
1 .444gcm 3  1.498 gCM -3 
Crystal Dimensions 0.30x0. 13x0. 10 mm 3 0.78x0.58x0. 19 mm3 
ji(Cu-K) for 8 and 
p.(Mo -K) for 9  
2.474 mm' 0.766mm' 
F(000) 962 1016 
Theta range for Data Collection 2.64 !!~ 29 5 61.970 5 5 20 :!~ 500 






Reflections Collected 6739 7590 
Independent Reflections 6739 7590 
Refinement Method Full matrix least 
squares on F2 
Full matrix least 
squares on F2 
Data/Restraints/Parameters 6687/42/588 7580/28/567 
Goodness of Fit on F2 1.008 1.035 
wR2 (all data) 0.3061 0.1981 
R  (F > 4a(F)) 0.0738 0.0693 
Largest Difference Peak and Hole +0.569eA 3 , -0.429eA 3 +1.247eA 3 ,-1.617eA 3 
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Table 4.8: 	Crystal Data for Compound 10 
Compound [Ni(L2H3)](C104)2 
Empirical Formula C41H54Q2N6NiO18 
M 1048.51 
Crystal System triclinic 
Space Group P-i 







Radiation Wavelength 0.71073A 
T 150K 
Z 2 
D 1.485gcm 3 
Crystal Dimensions 0.75x0.47x0.25 mm  
j.t(Mo-K) 0.609mm' 
F(000) 1096 
Theta range for Data Collection 5 !~ 29 !!~ 500 
Index ranges -14 < h < 13 
-17 <kcz7 
0<1<17 
Reflections Collected 8561 
Independent Reflections 8240 
Refinement Method Full matrix least  
squares _onF2 
Data/Restraints/Parameters 8212/28/655 
Goodness of Fit on F2 1.019 
wR2 (all data) 0.1269 
Ri (F> 4(Y(F)) 0.0489 
Largest Difference Peak and Hole +0.606eA 3 , -0.562eA 3 
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Chapter Five 
Mono- and Bi-metallic 
Transition Metal and Lanthanoid Complexes 
of Macrocycles, L31142 and L41142 , and 
Open Chain Ligands (L 7)2 and (L8)2 
5.1 Introduction 
5.1.1 Macrocycles L 3 and L4 
In this chapter the ligands used for complexation are the Schiff base 
macrocycles (L 3 )2 and (L4)2 , see Figure 5.1. The ligand (L3 )2 was first synthesised 
by Robson and Pilkington in 1970 by a template procedure around first row 
transition metals. This gave binuclear complexes of the type shown in figure 5.2. In 
this chapter both template procedures and reaction of synthesised ligands are utilised 
as routes to the complexes. Template procedures have also previously been used by a 
number of groups synthesise complexes of this ligand system. 108-111  
Figure 5.1 	Metal Free macrocycle, L' 
H42+ (R=H) and L4IL2  (R=Me) 
5.1.2 Template Synthesis of L 3 and L4 
Copper complexes with both square planar and square pyramidal geometries 
around the metal centre were initially prepared by Robson and Pilkington. It was 
suggested on the basis of spectroscopic data that such a ligand imposed square-
pyramidal geometry on metal ions which normally had a strong preference for 
octahedral co-ordination. This was later shown not to be the case when structures of 
cobalt(ll), iron(III) and nickel(H) were determined. 
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Figure 5.2: 	Dicopper Complex of Robson Type Ligand 
Gagné and co-workers also used a template approach to synthesise complexes 
of ligand (L3)2 . A stepwise method was used as a route to heterobimetallic transition 
metal complexes 81 . The first step of such a synthesis involved a template reaction to 
form and isolate the complex MA12, see Figure 5.4, then react with a further metal 
equivalent to give [MAMBL7 
]21 followed by condensation with another equivalent of 
1,3-diaminopropane to give a bimetallic complex of the macrocycle (L 3 )2 . There 
appeared to be little exchange of the metal centres with only a short time in solution 




Figure 5.3 	Open Chain Ligand [(L7)21 synthesised as part of a stepwise template 
reaction 
121 
5.1.3 Free Ligand Synthesis 
The metal template synthesis of this ligand system was until recently the only 
method that had been used to obtain the ligand. Trans-metallation reactions had been 
carried out to access complexes of metals unsuitable for the template approach and 
the sodium salt of the ligand synthesised 85. The metal free ligand was synthesised in 
1993 by Atkins et a165  by a procedure described in Chapter 2. It was obtained in the 
protonated form with a number of different anions. The complexation of the ligand to 
relatively inert metal centres by reaction of the pre-formed ligand was the aim of this 
work. Complexes of platinum(H), palladium(H) and rhodium(H) were 
synthesised65"2. The crystal structure of the free ligand in the protonated form was 
also determined. This shows the ligand in a folded conformation in the solid state in 
contrast to the flat conformation observed in the structure of the palladium(II) 
complex. This also opened up the possibility of complexation of the pre-formed '2+2' 
ligand to metal(ffl) centres such as the lanthanoid series which may not have 
produced such a product on template condensation. 
5.1.4 Complexes of L 3 and L4 
The major reason for synthesis and study of binuclear compounds of (L 3)2 
and (L4)2  has been to investigate the electronic and magnetic properties. Series of 
homobinuclear complexes of first row transition metals were prepared and studied. 
Robson and co-workers prepared a number of five co-ordinate complexes and 
contrasted their magnetic behaviour and later Gagne prepared a series of binuclear 
complexes where octahedral geometry was imposed' 13  Antiferromagnetic exchange 
interactions were observed but little variation occurred between the corresponding 
five- and six-co-ordinate species. The dicopper complexes have been investigated 
most thoroughly in their magnetic interactions and electrochemistry" 4"5. Further 
studies on complexes of the type [Cu212X2], (X= Cl, Br, I and N 3 ) were carried 
out to determine the effect of the axial ligands on the magnetic exchange interaction. 
Nag, Thompson and co-workers synthesised the ligand (L 4)2 by a template 
procedure around copper(II) as part of a study of the magnetic and electrochemical 
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properties of such ligand systems 82 . Ligand 0 differs only from L3 in the additional 
methyl groups on the carbon forming the imine bond, see figure 5.1. 
5.1.5 Open Chain Ligands from Diamine Reactions with Functionalised 
Phenols 
A large number of open chain ligands, with similar compartments to the 
macrocycles for complexation, have previously been synthesised and their complexes 
characterised. One of the simplest ligands of this type is shown in Figure 5.4, which 
has one of the identical N 202 cavities to the macrocycles. The potential complexation 




Figure5.4: 	Ligand L8H2 
Other ligands based on this framework with additional functionality in the 3-
position (phenol oxygen is in the 2-position) have also been synthesised, one example 
of this is the ligand which was synthesised by Gagné as part of his stepwise template 
containing an N202 and an 0202 cavity(L8)59 . 
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A variety of similar ligand systems have been synthesised with for example an 
alcohol or a carboxylate group in the 3 position, see Figure 5.5. These ligands have 
been used with the different donor groups in each compartment for attempted 
syntheses of heterobinuclear complexes and more specifically for mixed metal d-
block/lanthanoid comp1exes 68 . 
( N(YH -- rH 
N( &OH 'H 
Figure 5.5: 	N,N' -ethylene bis(3-carboxysalicylideneimine) 
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5.2 Results and Discussion 
5.2.1 The Synthesis of Lanthanoid Complexes with [L 3H4](PF6)2 , Ln=La, Pr 
and Ce 
The ligand [L3H4](PF6)2 was dissolved in acetonitrile and heated to reflux 
giving a red/orange solution. Triethylamine was then added in excess to deprotonate 
the ligand, this resulted in a clear yellow solution. One equivalent of Ln(C10 4)3 .xH20 
was then added as a solution in acetonitrile. After refluxing the reaction mixture was 
concentrated to yield a yellow solid in the case of lanthanum(llI) and 
praseodymium(Ill) and a light brown solid in the case of cerium(ffl), probably caused 
by some oxidation to cerium(IV). As opposed to the template reaction it is known in 
this case which ligand is present. This makes the assignment of the mass spectrum of 
the compound more easily accomplished. 
Possibilities for the lanthanoid co-ordination are dependent on the 
conformation of the ligand in the complex and it is not known whether the ligand 
adopts a flat or a folded arrangement. Probably the most appropriate comparison 
with known compounds is with the complexes of lead(II) synthesised by Okawa 1t8 . 
The reason for this is purely one of the size of the metal ion. The lead(III) template 
with 1,3-diaminopropane and 2,6-diformyl-4-methylphenol resulted in the complex 
[Pb2(L3H4](C104)2. This showed a planar conformation was adopted by the 
macrocycle and two lead(H) ions were accomodated despite the size mismatch with 
the available cavities in the macrocycle. One cation sits above the plane of the 
macrocycle and the other below each bound to the two phenolic oxygens and two 
imine nitrogens. They are both seven co-ordinate with interactions with perchlorate 
anions completing the co-ordination sphere. 
This suggests that a complex of similar ligand to metal ratio could be formed 
with lanthanoid ions although co-ordination numbers of higher than seven would be 
expected. In contrast to this is the co-ordination observed in the mixed metal 
complexes of lead(][[) and copper(H) or nickel(ll). The single crystal X-ray structure 
of such a lead(ll)/copper(ll) complex with 
(J,3)2  was determined' 18 . In this case the 
copper(H) ion sits four co-ordinate in one of the two available compartments and the 
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other cavity contains the lead(III) ion which bridges between two such N 202 
compartments giving a complex cation of formula [Pb(CuL 3 )2] 2t This complex 
shows the possibility for larger metal ions to bridge the macrocycles, thus for the 
lanthanoid complexes the a formulation of [Ln 2(L3)2] 2  can be sensibly suggested with 
further co-ordinating anions or molecules of solvent and H20 to give an appropriate 
co-ordination number. 
Analysis on all compounds gave comparable results: for the lanthanum(ffl) 
complex the i.r spectrum showed the expected bands due to the presence of the 
ligand at 163 1cm 1  for the imine stretching vibration and at 1548cm' for the C-
O(phenol) stretching vibration, also present was a band at 1096cm' assigned to the 
perchlorate anion. F.a.b mass spectrometry showed a large number of high intensity 
peaks which could be assigned: m/z 405= (L3), m/z 540= [LaL3], m/z 640= 
[LaL3](Cl04), mlz 707= [La2L3](MeOH)', m/z 944= [La(L 3) 2] and m/z 1180= 
[La2(L3)2](Cl04). The elemental analysis corresponded to the formulation 
[La2(L)2] (C104)2 .8H20.MeOH. 
5.2.2 The Synthesis of Lanthanoid Complexes of [L 4H4](PF6)2 , Ln=La 
The synthesis of the lanthanoid(Ill) complexes of the free ligand OH 42 were 
also attempted with the possibility that the presence of the additional methyl groups 
may aid crystal formation and crystals of sufficient quality for an X-ray structure 
determination would be obtained. 
A similar reaction was carried out as in section 5.2.1 but in this case Ln=La 
and deprotonation was attempted only with triethylamine. The i.r. spectrum was 
consistent with complex formation showing the presence of the ligand and 
perchiorate counter ions. 
Recrystallisation was attempted by vapour diffusion of diethyl ether into 
acetonitrile, nitromethane and mixtures of these solvents with methanol or ethanol. 
No crystals of sufficient quality for X-ray analysis were grown. 
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5.2.3 Template Reactions of 2,6-diformyl-4-methylphenol in the presence of 
LnX3.xH20 and 1,3-diaminopropane (Ratio of reactants 2:1:1), 
(X=NO3 , CH3CO2) 
2,6-diformyl-4-methylphenol and LaX 3 were mixed together as a solution in 
ethanol giving a clear yellow solution after a few minutes stirring. 1,3-
diaminopropane was added diluted in ethanol slowly with stirring. After stirring for a 
further twelve hours the yellow product was collected. 
The ratio of the reactants suggests a complex of the form [Ln(L 7H2)]X3  may 
have resulted, see Figure 5.3. The i.r. spectrum shows a broad band at 1654cm' 
which is at higher energy than that expected for the imine stretching vibrations and so 
could be assigned to the aldehyde stretching vibration. The band due to the imine 
bond has previously been observed in the range 1615-1640cm 1 . In this case no such 
band is observed but has probably been masked by the aldehyde stretching vibrations. 
The product [La(L 7H2)](NO3)3 was largely insoluble in most solvents but sparingly 
soluble in acetonitrile and very soluble in dimethylformamide and dimethylsuiphoxide. 
The F.a.b mass spectrum showed no peaks of reasonable intensity, although a very 
small peak peak at m/z=405 was present. This could be due to an impurity of [L 3H2] 
formed from a slight excess of the organic reactants. Elemental analysis was 
consistent with the formation of the complex [La(L 7H2)](NO3 )3. 
This material could potentially be useful as part of a stepwise template 
synthesis if, as suggested, the lanthanoid ion is co-ordinated in one compartment of 
the ligand, presumably the 0202 cavity due to its oxophilic nature, leaving the other 
N202  cavity free to co-ordinate a first row transition metal for example. Such a 
strategy has previously been adopted by Vigato and co-workers using a similar ligand 
with an 0202 cavity95  and Oumar and co-workers who reacted 2,6-diformyl-4-
methylphenol with a diaminoamine giving a ligand with an N302 cavity and an 0202 
cavity' 15,  see Figure 5.6. This gives the possibility of further reaction to form a 
macrocycle which could be either symmetrical or asymmetrical depending on the 
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Figure 5.6: 	Ligand synthesised by Oumar and co-workers 
5.2.4 Template Reactions of 2,6-diformyl-4-methylphenol in the presence of 
LnX3.xH20 and 1,3-diaminopropane (Ratio of reactants 1:1:1) 
(X=NO3 , CH3CO2 ) 
The template reaction of the reactants necessary to form ligand L 3 was 
performed in the presence of a variety of lanthanoids. As the template reaction is 
being performed around a lanthanoid as opposed to a transition metal as in previously 
reported template syntheses of ligand L 3 the possibility of template products larger 
than '2+2' should be entertained' 18. Harding and co-workers have reported a '3+3' 
macrocycle synthesised by template around lanthanum(ffl), the resulting macrocycle 
complexed three metal centres". 
2,6-diformyl-4-methylphenol and Ln(C10 4)3 were dissolved in a mixture of 
ethanol and H20 and the resulting yellow solution was stirred at room temperature. 
Then an equimolar amount of 1,3-diaminopropane was added resulting in a cloudy 
yellow/ orange solution which was refluxed. On concentration the yellow product 
precipitated from solution. The i.r. spectrum shows the expected band for the imine 
stretching vibration at 1636cm" (Ln=La) and the C-O(phenol) stretching vibration at 
1534cm, also in the case where X=Cl0 4 a characteristic band is observed at 
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1097cm'. F.a.b. mass spectrometry, for LnX 3=La(C104)3 , shows a peak for the 
ligand (L3), the '2+2' product at mlz=405 and a peak for [LaL 3] is present at 
m/z=540. However no peaks corresponding to the presence of a '3+3' template 
product are observed. The mass spectrum for LnX 3= Ce(C104)3 shows similarly 
assigned peaks at m/z=405 and 542 respectively. A further peak however is observed 
at m/z=944 which may be assigned as [Ce(L 3)2] corresponding to similar peaks 
detected in the mass spectrum of the free ligand complexation reactions (section 
5.2.1). 
5.2.5 Reaction of [L 3H4](PF6)2 with LnX 3 and MZ2 (Ratio of reactants 1:1:1) 
(M=Cu,Ni; X,Z=NO3',CH3CO2) 
A reaction of the free ligand in the presence of lanthanoids and copper(II) or 
nickel(II) was attempted in the hope of obtaining mixed metal complexes similar to 
the mixed metal complex [Pb(CuL 3 )2] 2  synthesised by Okawa and co-workers. The 
ligand [L3H4](PF6)2 was deprotonated in acetonitrile and then equimolar amounts of a 
lanthanoid salt and a copper(II) or nickel(II) salt in succession. This gave formation 
of a green solution and after stirring and removing some of the solvent, the green 
product was collected. It was expected that this green solid was not a pure product 
and so recrystallisations were set up in a variety of solvents. I.r. spectra were run of 
all the products and all showed the characteristic bands for the ligand (C=N(imine) at 
1625-1640cm' and C-O(phenol) at 1530-1545cm 1 ) and for the expected anions. 
F.a.b mass spectra were also collected on the crude material. The synthesis where 
Ln=Y, M--Cu and X=Y=CH3CO2 gave two major peaks at mlz=528 and 587 which 
could be respectively assigned as [Cu 21 3] and [Cu2L3(CH3CO2)1. This suggested 
that the dicopper complex was being formed in preference to a heteronuclear 
complex. 
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Table 5.1 	Assignments of mass spectra: 
LnX3 	 MZ2 	Peak(m/z) 



































A large number of recrystallisations were attempted using a variety of 
solvents and techniques and from two separate reactions crystals of suitable quality 
for X-Ray structure determination were obtained. One of the compounds was shown 
to be a previously characterised complex, 
[Cu2(L3)(H20)2] [Cu2(L3)(H20)2(C104)2] (d04)2 , which had been determined by 
Thompson and co-workers". This was determined by comparison of the unit cell 
data. However the crystals obtained from recrystallisation of the product from the 
reaction in the presence of La(CH 3CO2)3 and Cu(CH3CO2)2 were shown to be a 
complex not previously characterised. 
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5.2.6 The Single Crystal X-ray Structure of [Cu 2L3](CH3CO2)Br, 11 
Dark green blocks of X-ray quality were obtained from diffusion of diethyl 
ether into a acetonitrile solution of the complex at 298K. Details of the structure 
solution and refinement are given in the experimental section. Selected bond lengths 
and angles are given in tables 5.2 and 5.3, and two views of the cation are presented 
in figures 5.7 and 5.8. 
The cation has the structure [Cu 2L3 (CH3CO2)]. The macrocycle is shown to 
be in a planar coformation with only the central carbons on the propylene chains 
deviating from the ligand plane. These two carbons are in a trans conformation with 
respect to one another, one sitting below the ligand plane and the other above. Both 
copper(H) centres have a square pyramidal geometry and are co-ordinated to two 
imine nitrogen donors, two phenolic oxygen donors, forming the square base, and an 
acetate oxygen donor. The Cu-N(imine) and Cu-O(phenol) show bonds in the range 
1.955(4)-l.999(3)A. The Cu-O(acetate) bonds are longer with Cu(l)-0(4)= 
2.226(3)A and Cu(2)-0(3)= 2.172(3)A. The Cu-Cu distance is 3.0587(8)A. This can 
be compared with the metal-metal separation in [Cu 2L3 (H20)2(C104)2] of 3.091A 
where the metal is in an octahedral environment. 
The macrocydic complexes are packed together so that intermolecular 
graphitic interactions are taking place between one of the phenyl rings on one of the 
complexes and another complex is sitting below the plane of the macrocycle on the 
opposite side from the acetate group, see Figure 5.8. The macrocycles pair up; one 
with the acetate group above the plane of the ligand and the other with the acetate 
group below the plane. This leaves large gaps in the structure which probably 
accounts for the problems in locating the remaining anion. The possible anions that 
had been present in the starting material were been PF 6 , CH3CO2 and Bf.Thus the 
remaining peaks were modelled as a bromide ion which occupied a number of 
different positions in the structure, the sum of the occupancy of these positions was 
fixed as one. The bromide ion itself resulted from the ligand synthesis where HBr is 
used to protonate the ligand. Hydrogen bonds are present between each of the 
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molecules of water solvate and an acetate oxygen ( 01W-03 = 2.774A and 02W-04 
= 2.897A) 
Table 5.2: 	Selected Bond Lengths (A) for 11 
Cu(1)-N(1) 1.955(4) C(1)-C(7) 1.436(7) 
Cu(1)-0(2) 1.973(3) C(2)-C(3) 1.405(6) 
u(1)-N(2) 1.977(4) C(3)-C(4) 1.403(7) 
Cu(1)-O(1) 1.989(3) C(3)-C(22) 1.460(6) 
cu(1)-0(4) 2.226(3) C(4)-C(5) 1.383(7) 
Cu(1)-Cu(2) 3.0587(8) C(5)-C(6) 1.369(7) 
Cu(2)-N(3) 1.979(4) C(5)-C(24) 1.501(7) 
Cu(2)-0(2) 1.986(3) C(8)-C(9) 1.496(7) 
Cu(2)-N(4) 1.986(4) C(9)-C(10) 1.503(7) 
Cu(2)-0(1) 1.999(3) C(1 1)-C(12) 1.445(6) 
u(2)-0(3) 2.172(3) C(12)-C(17) 1.392(6) 
0(1)-C(2) 1.322(5) C(12)-C(13) 1.414(6) 
0(2)-C(13) 1.327(5) C(13)-C(14) 1.409(6) 
N(1)-C(7) 1.285(6) C(14)-C(15) 1.401(7) 
N(1)-C(8) 1.466(6) C(14)-C(18) 1.442(7) 
N(2)-C(11) 1.285(6) C(15)-C(16) 1.377(7) 
N(2)-C(10) 1.490(6) C(16)-C(17) 1.376(7) 
N(3)-C(18) 1.281(6) C(16)-C(23) 1.496(6) 
N(3)-C(19) 1.475(6) C(19)-C(20) 1.509(7) 
N(4)-C(22) 1.282(6) C(20)-C(21) 1.505(7) 
N(4)-C(21) 1.471(6) 0(3)-C(25) 1.263(5) 
C(1)-C(6) 1.406(7) 0(4)-C(25) 1.256(6) 
C(1)-C(2) 1.435(6) C(25)-C(26) 1.510(6) 
Table 5.2 	Selected Bond Angles (°) for 11 
N(1)-Cu(1)-0(2) 162.21(14) Cu(1)-0(1)-Cu(2) 100.16(13) 
N(1)-Cu(1)-N(2) 96.1(2) C(13)-0(2)-Cu(1) 129.0(3) 
0(2)-Cu(1)-N(2) 93.00(14) C(13)-0(2)-Cu(2) 129.2(3) 
N(1)-Cu(1)-O(1) 92.00(14) Cu(1)-0(2)-Cu(2) 101.17(13) 
0(2)-Cu(1)-O(1) 76.74(12) C(7)-N(1)-C(8) 115.7(4) 
N(2)-Cu(1)-O(1) 167.37(14) C(7)-N(1)-Cu(1) 124.2(3) 
N(1)-Cu(1)-0(4) 103.29(13) C(8)-N(1)-Cu(1) 120.0(3) 
0(2)-Cu(1)-0(4) 90.68(12) C(11)-N(2)-C(10) 112.5(4) 
N(2)-Cu(1)-0(4) 97.18(14) C(11)-N(2)-Cu(1) 123.1(3) 
0(1)-Cu(1)-0(4) 90.39(12) C(10)-N(2)-Cu(1) 124.4(3) 
N(1)-Cu(1)-Cu(2) 131.91(11) C(18)-N(3)-C(19) 114.9(4) 
0(2)-Cu(1)-Cu(2) 39.57(8) C(18)-N(3)-Cu(2) 124.1(3) 
N(2)-Cu(1)-Cu(2) 131.70(11) C(19)-N(3)-Cu(2) 120.9(3) 
0(1)-Cu(1)-Cu(2) 40.04(8) C(22)-N(4)-C(21) 113.7(4) 
0(4)-Cu(1)-Cu(2) 79.17(8) C(22)-N(4)-Cu(2) 123.8(3) 
N(3)-Cu(2)-0(2) 91.62(14) C(21)-N(4)-Cu(2) 122.4(3) 
N(3)-Cu(2)-N(4) 96.9(2) C(6)-C(1)-C(2) 119.5(4) 
0(2)-Cu(2)-N(4) 164.99(14) C(6)-C(1)-C(7) 116.2(4) 
N(3)-Cu(2)-O(1) 160.68(14) C(2)-C(1)-C(7) 124.3(4) 
0(2)-Cu(2)-O(1) 76.22(12) 0(1)-C(2)-C(3) 122.5(4) 
N(4)-Cu(2)-0(1) 92.18(14) 0(1)-C(2)-C(1) 120.7(4) 
N(3)-Cu(2)-0(3) 106.14(14) C(3)-C(2)-C(1) 116.8(4) 
0(2)-Cu(2)-0(3) 91.55(12) C(4)-C(3)-C(2) 120.6(4) 
N(4)-Cu(2)-0(3) 97.90(14) C(4)-C(3)-C(22) 115.4(4) 
0(1)-Cu(2)-0(3) 89.3 8(12) C(2)-C(3)-C(22) 123.9(4) 
N(3)-Cu(2)-Cu(1) 130.82(11) C(5)-C(4)-C(3) 122.9(4) 
0(2)-Cu(2)-Cu(1) 39.26(8) C(6)-C(5)-C(4) 116.6(4) 
N(4)-Cu(2)-Cu(1) 131.45(11) C(6)-C(5)-C(24) 122.3(5) 
0(1)-Cu(2)-Cu(1) 39.80(9) C(4)-C(5).C(24) 121 .0(4) 
0(3)-Cu(2)-Cu(1) 79.20(9) C(5)-C(6)-C(1) 123.6(5) 
C(2)-0(1)-Cu(1) 127.3(3) N(1)-C(7)-C(1) 127.9(4) 
C(2)-0(1)-Cu(2) 127.0(3) N(1)-C(8)-C(9) 112.1(4) 
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C(8)-C(9)-C(10) 112.8(4) C(17)-C(16)-C(23) 122.0(4) 
N(2)-C(10)-C(9) 113.8(4) C(15)-C(16)-C(23) 121 .6(4) 
N(2)-C(11)-C(12) 128.9(4) C(16)-C(17)-C(12) 123.4(4) 
C(17)-C(12)-C(13) 119.9(4) N(3)-C(18)-C(14) 129.0(4) 
C(17)-C(12)-C(11) 115.4(4) N(3)-C(19)-C(20) 113.2(4) 
C(13)-C(12)-C(11) 124.7(4) C(21)-C(20)-C(19) 113.1(4) 
0(2)-C(13)-C(14) 121.5(4) N(4)-C(21)-C(20) 113.3(4) 
0(2)-C(13)-C(12) 121.1(4) N(4)-C(22)-C(3) 128.1(4) 
C(14)-C(13)-C(12) 117.4(4) C(25)-0(3)-Cu(2) 129.0(3) 
C(15)-C(14)-C(13) 119.7(4) C(25)-0(4)-Cu(1) 126.7(3) 
C(15)-C(14)-C(18) 116.5(4) 0(4)-C(25)-0(3) 125.0(4) 
C(13)-C(14)-C(18) 123.7(4) 0(4)-C(25)-C(26) 118.2(4) 
C(16)-C(15)-C(14) 123 .2(4) 0(3)-C(25)-C(26) 116.7(4) 
C(17)-C(16)-C(15) 116.3(4) 
Figure 5.7: 	View of Cation, [Cu 2L3 (CH3CO2)] 
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Figure 5.8: 	A View of the Two Cations in the Crystal Packing of 
[Cu21 3 (CH3CO2)1' 
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5.2.7 Synthesis of La(CuL 8)2(C104)3 
The ligand (L8)2 , see Figure 5.4, has previously been utilised to synthesis a 
variety of metal complexes' 16,117 However related to the work with open chain ligands 
and two compartments for co-ordination is the synthesis of the complex CuL 8 and then 
its subsequent reaction with a lanthanoid(Ill) centre investigated by Seminara and co-
workers 117 . They claimed to form complexes using CuL 8 as a ligand around the 
lanthanoid centre with the phenolic oxygens bridging the two metal centres and one or 
two CuL8  units bound. The X-ray structure of such a complex would have been of 
interest to find out if the lanthanoid(ffl) centre was indeed in close proximity with two 
copper(][[) centres. 
Synthesis of CuL8 was carried out as the literature. The reaction of CuL 8 with 
La(C104)3 .xH20 was performed in ethanol under nitrogen. A very slight colour change 
was noted on addition of the lanthanum(lT1) salt to a lighter green. The initial dark 
green solid isolated analysed as starting material, CuL 8. However on cooling the 
filtrate a further precipitate formed which was a lighter green. The i.r. spectrum of the 
solid showed the expected bands for the presence of the ligand and elemental analysis 
was consistent with the formation of the complex, La(CuL 8)2 (C104)3 . 
A number of recrystallisations from a variety of solvents and mixed solvent 
systems were found to be unsuccessful and often resulted in decomposition of the 
product to form CuL 8 in solution. 
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5.3 Conclusions 
Reactions (L3H4)2  with lanthanoid metal salts, on the basis of evidence from 
mass spectrometry and elemental analysis, appear to form complexes with complex 
cation of the formulation [Ln 2(L3)2] 21  . No crystallographic evidence was obtained for 
such a complex but bridging of two such macrocycles has been previously observed by 
the lead(II) cation. 
Reactions of the pre-formed macrocydic ligand were also carried out in the 
presence of lanthanoid(ffl) and first row transition metal salts with the potential of 
producing mixed metal complexes. Mass spectral evidence suggested that a variety of 
compounds had been synthesised. On crystallisation the complex 
[Cu2(L3)(CH3CO2)IBr was structurally characterised. Both copper(II) centres are in 
similar five co-ordinate square pyramidal environments, bound in the N 202 cavity of 
the macrocycic ligand with the additional co-ordination site filled by the acetate 
bridging the two metal centres. It was shown that related copper(II) complexes could 
be crystallised from other reactions which suggested that the dicopper(ll) complexes 
were of higher thermodynamic stability than any other products which may have 
formed in the reactions. 
Template reactions in the presence of lanthanoid(IH) ions or first row transition 




5.4.1 Reaction of La(C104)3.xH20 with [L 3H4](PF6)2 
[L3H4](PF6)2 (110mg, 0.2mmol) was dissolved in acetonitrile (40m1) giving an 
orange solution which was heated to reflux. An excess of triethylamine (0.1cm 3) was 
added to the refluxing solution resulting in a colour change from an orange to a bright 
yellow solution. La(Cl04) 3 .xH20 (90mg, 0.2mmol) was dissolved in acetonitrile 
(10cm3) and added dropwise to the reaction mixture. The solution was then refluxed 
for a further two hours. After cooling to room temperature the reaction mixture was 
concentrated by rotary evaporation resulting in a yellow oil. The oil was washed with 
methanol giving a bright yellow solid which was then collected by filtration and dried 
in vacuo. (Yield: 0.47mg). Elemental Analysis; Found: C, 39.2: H, 4.23: N, 7.38%. 
C49H72N8C12La2O12 requires: C, 40.4: H, 4.94: N, 7.69%. F.a.b. mass spectrum (3-
NOBA) m/z 405= (L3), mlz 540= [LaL3], m/z 640= [LaL 3](C104), m/z 707= 
[La2L3](MeOH)+, m/z 944= [La(L3 )2] and mlz 1180= [La2(L3 )2](Cl04). 
5.4.2 Reaction of Pr(C10 4)3.xH20 with [L 3H4](PF6)2 
For this synthesis the same method as 5.4.1 was adopted, [L3H4](PF6) 2 
(140mg, 0.25mmol) and Pr(C104)3 .xH20 (115mg, 0.25mmol) dissolved in acetonitrile 
were used. 
In this case the reaction mixture was not concentrated to an oil but until only a 
few ml of acetonitrile remained and then precipitated by the addition of methanol 
(10cm). This gave a microcrystalline product which was dried in vacuo. (Yield: 
0.69mg). Elemental Analysis; Found: C, 40.4: H, 4.66: N, 7.81%. C 49H72N8Q2Pr2O19 
requires: C, 41.2: H, 5.04: N, 7.84%. F.a.b. mass spectrum (3-NOBA) m/z 405= (L3), 
m/z 543= [PrL 3], m/z 643= [PrL3](ClO4), m/z 711= [Pr2L3](MeOH), m/z 1185= 
[Pr2 (L3)2] (C104). 
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5.4.3 Reaction of La(C10 4)3.xH20 with [L4H4](PF6)2 
The same synthetic method was also adopted for reaction of the related 
[L4H4] 2  ligand. [L4H4](PF6)2 (150mg, 0.33mmol) and La(C10 4)3 .xH20 (180mg, 
0.33mmol) dissolved in acetonitrile were mixed and reacted in the presence of 
triethylamine. The initial solution of ligand was a light orange/yellow colour and 
changed to a brighter yellow on deprotonation. Concentration of the reaction mixture 
and addition of diethyl ether (10cm 3) resulted in a yellow precipitate which was 
collected by filtration, washed with ethanol and dried in vacuo. Elemental Analysis; 
Found: C, 32.1: H, 5.43: N, 3.83%. C34FLN4C14La2O18 requires: C, 33.5: H, 3.81: N, 
4.60%. F.a.b. mass spectrum (3-NOBA) showed no assignable peaks. IR: 1632s, 
1543s, 1312m, 1273m, 1095s,921w,771mcm' 
5.4.4 Template Reactions of 2,6-diformyl-4-methylphenol in the presence of 
LnX3.xH20 and 1,3-diaminopropane (Ratio of reactants 2:1:1) 
(X= NOi, CH3CO2) 
2,6-diformyl-4-methylphenol (195mg, 1.2mmol) was dissolved in ethanol 
(40cm3) and then a solution of LaNO 3 (260mg, 0.6mmol) was added dropwise as a 
solution in ethanol (5cm 3). After stirring the solution for 10-20 minutes 1,3-
diaminopropane (0.6mmol from a standard solution in MeOH) was added with 
vigorous stirring. The mixture was then allowed to stir for a further twelve hours. A 
precipitate was observed at this stage, collected by filtration and dried in vacuo. 
Elemental Analysis; Found: C, 35.1: H, 3.80: N, 11.21%. C 21 H22N5LaO 13 requires: 
C,36.5: H,3.18: N, 10.13%. F.a.b. mass spectrum (3-NOBA) showed no assignable 
peaks. IR: 1654s, 1539s, 1121m, 1034s, 873w cm'. 
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5.4.5 Template Reactions of 2,6-diformyl-4-methylphenol in the presence of 
LnX3.xH20 and 1 ,3-diaminopropane (Ratio of reactants 1:1:1) 
(X= NOi, CH3CO2 ) 
2,6-diformyl-4-methylphenol (180mg, 1.lmmol) was dissolved in 20cm 3 of 
ethanol. La(C104)3 .xH20 (430mg, - 1.lmmol) was dissolved in ethanol (10cm 3)and 
added dropwise with stirring. The clear yellow solution was stirred for ten minutes and 
then 1,3-diaminopropane in methanol was added (2.2cm 3 of a 0.5M solution). This 
initially gave a bright orange colour turning to a cloudy yellow when addition was 
complete. The solution was transferred to a round bottomed flask and further ethanol 
(40cm3) and water (40cm 3) were added. The solution was refluxed for two hours and 
then concentrated by rotary evaporation until a yellow precipitae started to appear. 
This was collected by filtration and washed with H20. F.a.b. mass spectrum (3-
NOBA); for Ln=La, m/z 405=[L3] ' and m/z 540=[LaL3]:  for Ln=Ce, m/z 405=[L3], 
mlz 542=[CeL3]  and m/z 944=[Ce(L 3)2]: ; IR: 1636s, 1534s, 1309w, 1097m, 965w 
cm 1 . 
5.4.6 Reaction of [L 3H4](PF6)2 with LnX3 and MZ2 (Ratio of reactants 1:1:1) 
(M=Ni, Cu; X,Z= NOi, CH3CO2 ) 
[L3H4](PF6)2 (85mg, 0.12mmol) was dissolved in acetonitrile (15cm) giving an 
orange/red solution. An excess of either triethylamine or proton sponge was added at 
this stage in a few ml acetonitrile giving a colour change to a yellow solution. A 
solution of LnX3  (0.12mmol) was then added, as a solution in acetonitrile (10cm), 
dropwise wiith stirring followed by the addition of MZ 2 (0.12mmol) also dissolved in 
acetonitrile. The solution was allowed to stir at room temperature for twelve hours. It 
was then filtered to remove any impurities and concentrated by rotary evaporation. 
Solid was either obtained by further slow evaporation or by diffusion of diethyl ether 
into the concentrated solution. The green product was dried in vacuo. F.a.b. mass 
spectrum (3-NOBA) see Table 5.1. Elemental Analysis (crude material); Found: C, 
45.01: H, 5.21: N, 7.51%. C 30H35N4CuLaO8 requires: C,46. 1: H,4.48: N, 7.17%. 
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5.4.7 Single Crystal X-ray Structure of [Cu2L3](CH3CO2)Br, 11 
Green blocks of X-ray diffraction quality were obtained by vapour diffusion of 
diethyl ether into an acetonitrile solution of the complex at 298K. 
The structure was solved by direct methods using SHELXS-86 and refined 
using SHELXL-93. 
All non-H atoms within the cation were refined with anisotropic thermal 
parameters. The bromide anion was modelled in three different positions with a total 
occupancy of one. All H-atoms for the complex cation were located on the difference 
map. 
Crystal data for 11 is given in table 5.4. 
5.4.8 Synthesis of (ML 8)2La (C104)3 (M=Ni, Cu) 
N,N-bis(salicylidene)1,3-propanediimine was prepared by the literature method 
and reacted with copper(II) or nickel(III) to give complexes ML 8 . 
CuL8  (0.43g. 1.2mmol) was added to dried ethanol (20cm 3), placed under 
nitrogen and allowed to stir for half an hour at room temperature. La(Cl0 4)3 (0.25g. 
0.6mmol) was then added dropwise as a solution in dried ethanol (10cm). A slight 
change was obseved to a lighter green colour. The solution was stirred at ambient 
temperature for a further twelve hours. The solution was then filtered and a green solid 
was collected which was unreacted CuL 8 . The remaining light green solution was 
cooled and light green solid was precipitated. This solid was collected by filtration and 
immediately transferred to be dried in vacuo. Elemental Analysis; Found: C, 37.81: H, 
4.12: N, 5.82%. C34H4N4C13Cu2LaO20 requires: C, 37.9: H, 4.46: N, 5.20%. F.a.b. 
mass spectrum (3-NOBA) showed no assignable peaks. IR: 1618s, 1546s, 1280m, 
1210w, 1074m, 811w cm -'. 
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Table 5.4: 	Crystal Data for Compound 11 
Compound [Cu2L3(CH3CO2)]Br 
Empirical Formula C26H33BrCu2N406 
M 704.55 
Crystal System orthorhombic 
Space Group P cab 







Radiation Wavelength 0.71073A 
T 150K 
Z 8 
D 1.715gcm 3 
Crystal Dimensions 1.16x0.86x0.54 mm3 
ji(Mo-K) 3.072mm' 
F(000) 1096 
Theta range for Data Collection 5 !~ 2 	!~ 450 
Index ranges 0 < h < 16 
0<k< 17 
O< 1<23  
Reflections Collected 3605 
Independent Reflections 3583 
Refinement Method Full matrix least  
squares _onF2 
Data/Restraints/Parameters 3566/0/379 
Goodness of Fit on F2 1.112 
wR2 (all data) 0.1108 
Ri (F> 4(F)) 0.0360 




Transition Metal and Lanthanoid Complexes 
of Ligands (L') 3 and (L2)3 
6.1 Introduction 
6.1.1 Ligand Systems 
The complexes of ligands L'H 3 and L2H3, the synthesis of which were 
described in chapters 3 and 4, can be used to complex to a further metal centre and 
form bimetallic complexes. This is achieved by removing the protons which hydrogen 
bond between the imine nitrogen and phenolic oxygen to allow metal complexation in 
the N303 cavity. 
The ligand cavity now available is identical in both the [LnL'] (Ln=La, Gd) and 
[ML 2y  (M=Co,Ni, Cu and Zn) complexes and offers a suitable donor set and geometry 
for octahedral co-ordination to a first row transition metal. The conformational 
restrictions from the binding of the initial metal ion may however effect the 
arrangement of the donor atoms. A valid comparison to this system is the binucleating 
symmetric phenolate cryptand (L 6) which has previously been discussed and used by 
Nelson et al to synthesise homobimetallic complexes and Gagné et al to synthesise 
heterobimetallic complexes 59 '83 '86. Gagné and co-workers structurally characterised one 
such complex, [FeCoL], see Figure 6.1. 









Figure 6.1: 	Complex of Macrobicydic Ligand with N303 Cavities Co-ordinating 
Two Metal Centres 
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The co-ordination geometries are highly distorted octahedral, and it was 
suggested that steric restraints would not allow the ligand to adopt a conformation that 
offered octahedral cavities. In the case of our open tripodal ligand systems there is the 
possibilty for more flexibilty of conformation as opposed to a closed cryptand ligand, 
however this will be restricted by the lanthanoid or transition metal already bound. 
6.1.2 Binucleating Ligands with Different Co-ordination Sites 
The main interest in binuclear compounds stems from the desire to model 
multimetallic protein sites and to study and charaterise novel magnetic properties. 
Bosnich and co-workers designed a new type of binucleating ligand similar to 
the Robson macrocycle (L 3H2) but with dissimilar co-ordination sites due to the 
addition of pendant pyridyl groups 119121 . Attached to the linking amines and the pyridyl 
groups were available for binding to one of the co-ordinated metal centres, thus the 
ligand offered both a six and a four co-ordinate site for metal complexation. This can 
result in one co-ordinatively saturated and one co-ordinatively unsaturated metal 
centre. This is of interest in the study of the redox behaviour on the binding of oxygen 
to the available site on the co-ordinatively unsaturated metal centre. A number of 
binuclear transition metal complexes were produced. For all such ligands with non-
identical co-ordination sites the possibility for metal exchange between sites has to be 
considered. 
Site selective complexation can be achieved by providing a compartment with 
hard or soft donor atoms to complex a type metal centre 
122,121.  This is the case with the 
ligand L'H3 which we have prepared, which provides an 0 9 donor upper cavity, with 
its hard oxygen donor atoms and large donor set it favours co-ordination to lanthanoid 
ions over first row transition metals. The lower N 303 cavity has a smaller donor set 
and an increased number of nitrogen donor atoms. There has been much interest in the 
production of structurally characterised lanthanoid/ transition metal complexes 
124-126  so 
the magnetic behaviour can be studied and contribute to the understanding of the 
interaction and the design of new materials 127 . 
Vigato and co-workers used a number of open chain Schiff base ligand to 
produce d/f block complexes 998. These ligands both offer an N 202 and an 0202 cavity 
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for metal co-ordination. Uranyl/d-block and lanthanoid/d-block metal compounds were 
prepared. The order of metal complexation was demonstrated not to affect the final 
stoichiometry of the bimetallic complex. A copper(ll)/yttrium(ffl) complex of ligand A 
was structurally characterised and found to be a dimer of [CuYL] units with an oxygen 
from each ligand bridging the two metal centres ' 27 . Binuclear uranyl complexes were 
synthesised with ligand B which contains N302 and 0202 compartments for co-
ordination98. One uranyl unit was bound to all five donors in the N 302 cavity and the 
other all four donors in the 0202 and a molecule of DMSO. Heterodinuclear 
complexes of lanthanoids have also been prepared using symmetrical Schiff base 













Figure 6.2: 	Ligands Utilised for d/f block Complex Formation by Vigato et al 
Okawa and co-workers have prepared a large number of lanthanoid/d-block 
metal complexes with a similar open chain Schiff base ligand. Although none of the 
complexes have been structurally characterised they have been studied for a variety of 
reasons including; fluorescence quenching of europium(ffl), binding of small molecules 
145 
to the metal centres and the magnetic interaction between copper(III) and 
gadolinium(ffl). 
All the examples mentioned so far have shown bridging of the two metal 
centres by oxygen donor atoms. This is important with respect to the magnetic 
exchange between the two metal centres. 
6.1.3 Magnetic Properties 
The properties of the magnetic exchange between copper(H) and 
gadolinium(Ell) have been of much recent interest. A number of groups have 
investigated this interaction with a variety of different polymetallic copper/ lanthanoid 
complexes. Okawa' 13° and Gatteschi 135" 36 both found the Gd(ffl)-Cu(ll) interaction 
to be ferromagnetic. 
More recently Kahn has proposed a mechanism to explain the ferromagnetic 
nature of the interaction based on measurements from a Cu 2Gd4 system' 26 . 
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6.2 Results and Discussion 
6.2.1 The Reaction of [NiL2H3](C104)2 with MX2 , (M=Co, Cu, Zn and X=NO3 
or C104 ) 
Reaction of [NiL2](C104)2 with an equimolar amount of MX 2 in acetonitrile in 
the presence of a base gave complexes which analysed to give the formula, 
[NiML2](C104). The i.r. spectrum shows a broad band at 1628-1634cm' which 
probably corresponds to both the irnine stretching vibration and ketone stretching 
vibration, one masking the other. The band which appears at 1534cm 1 corresponds to 
the C-O(phenol) stretching vibration. 
Table 6.1 	Assignments of mass spectra: 
MX2 Peak(m/z) Assignment 











732 [fl 2] 
788 
The F.a.b mass spectra on these compounds show peaks for both the bimetallic 
complexes and monometallic complexes. It is possible that a monomeric impurity is 
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present but it seems more likely that these are fragmentation peaks as the elemental 
analysis corresponds to the bimetallic species. 
Many attempts at recrystallisation were carried out in an attempt to grow 
crystals of sufficient quality to carry out an X-ray structural determination of these 
bimetallic complexes. Crystals were obtained but shown to be of the previously 
characterised monometallic species rather than the desired complex. This shows 
exchange of the metal centre in the lower cavity for three protons forming hydrogen 
bonds between the phenolic oxygens and imine nitrogens. 
It was expected that the metal centres in the bimetallic complexes would 
interchange and site specificity would not be observed on standing in solution over 
time. The complexes isolated however may largely have been of the predicted 
formulation (i.e. the second metal co-ordinated in the N 303 cavity) due to the short 
period in solution before isolation as a solid. Some of the F.a.b. mass spectra collected 
show minor peaks for the exchanged homobimetallic complexes. 
6.2.2 The Reaction of [CoL 2H3](C104)2 with MX2 , (M=Ni, Cu, Zn and X=NO3 
or 	C104 ) 
The same procedure as described in 6.2.1 was adopted to synthesise these 
complexes. Both proton sponge and N,N-diisoproylethylamine were used to 
deprotonate the initial monometallic complex. The i.r. spectra were all as expected (see 
6.2.1) and the main peaks in the F.a.b. mass spectra are assigned in table 6.2. 
Additional experiments were carried out varying the number of moles of metal 
salt (MX2=Co(C104)2 ) reacted with the cobalt(H) complex of L 2 . As opposed to the 
one equivalent of MX2  used in all other reactions of this type two, four and six 
equivalents were added. The aim of this experiment was to observe if there was any 
increase in the ratio of the peak size in the mass spectrum between the mono- and bi-
metallic species. This would help to determine whether mono-metallic impurity was 
present in the product or the peak correponding to [CoL 2] was a fragmentation peak. 
No notable variation in the ratio of the peak sizes was observed. Possible explanations 
are that the [CoL 2] 4  peak is indeed a fragment of the bimetallic complex or that yields 
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of the bimetallic complex were not increased by the presence of an excess of cobalt(H) 
perchiorate. 
Table 6.2 	Assignments of mass spectra: 





Ni(C104)2 668 [L2] 






Zn(C104)2 670 [L2] 




6.2.3 The Reaction of [CuL 2H3](C1 04)2 with MX2 , (M=Co, Ni, Zn and X=NO3 
or C104 ) 
The same procedure as 6.2.1 was carried out to synthesise the bimetallic 
. 
complexes from [CuL2
1 2+. The elemental analysis was less consistent with bimetallic 
complex formation than for the other starting materials (6.2.1, 6.2.2 and 6.2.4). The 
reaction appears to proceed more reliably for metals which will support an octahedral 
co-ordination geometry and less well for those that will not. 
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Table 6.3: 	Assignments of mass spectra: 
MX2 Peak(m/z) Assignment 





Ni(C104)2 730 [CuL2] 
781 [Ni2L2] 
786 [CuNiL2] 




732 [CuL2] or [ZnL2] 
795 [CuZnL2] 
6.2.4 The Reaction of [ZnL 2H3](C104)2 with MX 2, (M=Co, Ni, Cu and X=NO3 
or C104 ) 
The same procedure as 6.2.1 was carried out to synthesise the bimetallic 
complexes from [ZnL2] 2 . Infrared spectra and elemental analysis were consistent with 
the formation of bimetallic complexes. 
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Table 6.4: 	Assignments of mass spectra: 
MX2 	 Peak(m/z) 	 Assignment 
Co(C104)2 669 ELT 
727 [CoL2] 
732 [fl 2] 
789 [ZnCoL2] 




787 [7riNiL2] 2 
Cu(C104)2 669 
731 [J 2] or [CuL2] 




6.2.5 The Synthesis of [LaNiL'(H20)](C104)2, 12 
Addition of one equivalent of nickel(III) perchiorate to a solution of 
[La(L'H3)(H20)](Cl04)3 in acetonitiile followed by addition of three equivalents of 
N,N-diisopropylethylamine results in a green solution which after concentration 
precipitates a green solid on addition of diethyl ether. The i.r. spectrum indicates the 
presence of the ligand and perchiorate counter ions with their characteristic bands. 
F.a.b mass spectrometry shows the major peak for [LaNiL'](00 4) at m/z=1015 and a 
peak assigned as [LaNiL'(H20)](C104) at mlz=1033. 
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6.2.6 The Single Crystal X-ray Structure of [LaNiL'(H20)](C104)2, 12 
Pale green laths of X-ray quality were obtained from diffusion of diethyl ether 
into a methanolic solution of the complex at 277K. Details of the structure solution 
and refinement are given in the experimental section. Selected bond lengths and angles 
are given in tables 6.5 to 6.6, and a view of the cation is presented in figures 6.3. 
The cation has the structure [LaNiL'(H 20)] 2  with the lanthanum(IH) centre 
occupying the same 0306 cavity as was observed in the mononuclear lanthanum(II) 
complex of L'H 3 . The co-ordination geometry of the lanthanum(HI) is similar to that 
observed in [LaL 1 H3(H20)] 3 , based on an icosohedron with the three phenolic 
oxygen atoms forming a triangular face, the six acetal oxygens are arranged as a 
puckered six-membered ring with the water molecule at what would be a further 
triangular face in an ideal icosohedron. The bond lengths are again seen to be 
dependent on the nature of the oxygen donor with La-O(phenol)=2.43(2)-2.45(2)A, 
La-O(acetal)=2.57(2)-2.73(3)A and La-0(H 20)=2.60(3)A. 
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Figure 6.4: 	A View of the cation [LaNiL 1 (H2O)] 2 
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In the previous monometallic complex the ligand was not deprotonated and the 
lower N303 cavity was blocked by the three protons bound between the imine 
nitrogens and phenolic oxygens. These protons have been removed and a further metal 
centre co-ordinated in the N 303 cavity. The nickel(H) centre is bound to the three 
imine nitrogens and the three phenolic oxygens with all the bond lengths in the range 
2.05(2)-2.09(3)A. The co-ordination around nickel(H) is a trigonally compressed 
octahedron with the angle between the imine nitrogens distorted markedly from an 
ideal octahedron. The bridgehead nitrogen in the previous monometallic structures 
showed the lone pair pointing into the cavity with the bridgehead nitrogen clearly 
sitting above the plane of the three carbons it was bonded to. In this structure the 
angles around the bridgehead nitrogen, N(1), are in the range 117(3)-123(3) 0, thus 
imposing a trigonal planar geometry on the sp 3-nitrogen. The triangular face formed by 
the three phenolic oxygens is shared by the lanthanum(HI) and nickel(ll) which gives 
what is to our knowledge the first example of a face shared between a d-and f-block 
metal. The distance between nickel(H) and lanthanum(Ill) is 3.355(5)A. 
The almost planar geometry around the bridgehead nitrogen, N(l), can be 
compared to the geometries observed in a series of complexes synthesised by 
Lingafelter' 03"04 and co-workers. 
k-\ 
NN 
Figure 6.4: 	Ligand used for complexation studies by Lingafelter et al, trenpy 
The series of complexes were proposed to show examples of seven co-
ordination with transition metals forming complexes of the formulation M(trenpy) 2 , 
where M=manganese(ll), iron(][[), cobalt(ll), nickel(ll), copper(H) and zinc(H). The 
metals were bonded in the N 3N3  cavity formed by the three pyridine and three imine 
nitrogens. The geometry around the bridgehead sp 3 nitrogen was observed to vary 
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from 112° for the C-N-C bond angle (about that expected for an sp 3 amine ligand) in 
the manganese(H) complex to the maximum value of 120° in the iron(II) complex. 
The bridgehead nitrogen which sits below the plane of the N 3 face of the 
octahedron in these complexes and [LaNiL 1 (H2
0)]2 is directed at the t2g orbitals of 
the nickel(III) and a repulsion results between the lone pair of the nitrogen atom and the 
six electrons (in the nickel(ll) case) in the t2g set of orbitals.The constraints of the 
ligand system are restricting the movement of the nitrogen away from the metal centre. 
Thus the effect of the variation in geometry around the nitrogen atom in the complexes 
of trenpy was explained by the increasing number of electrons in the t2g  set. 
Table 6.5: 	Selected Bond Lengths (A) for 12 
La-0(7) 2.43(2) 0(3)-C(13) 1.45(4) 
La-0(1) 2.44(2) C(14)-C(15) 1.51(5) 
La-0(4) 2.45(2) C(15)-N(3) 1.49(5) 
La-0(3) 2.57(2) N(3)-C(16) 1.34(4) 
La-0(10) 2.60(3) C(16)-C(17) 1.46(5) 
La-0(5) 2.58(2) C(17)-C(18) 1.39(4) 
La-0(9) 2.62(2) C(17)-C(22) 1.42(4) 
La-0(8) 2.64(2) C(18)-O(4) 1.38(4) 
La-0(6) 2.67(2) C(18)-C(19) 1.39(4) 
La-0(2) 2.72(3) C(19)-C(24) 1.39(5) 
La-Ni 3.355(5) C(19)-C(20) 1.42(5) 
Ni-0(7) 2.05(2) C(20)-C(21) 1.38(5) 
Ni-N(2) 2.07(3) C(21)-C(22) 1.30(5) 
Ni-0(1) 2.07(2) C(21)-C(23) 1.54(5) 
Ni-0(4) 2.07(2) C(24)-0(6) 1.43(4) 
Ni-N(3) 2.08(3) C(24)-0(5) 1.44(4) 
Ni-N(4) 2.09(3) 0(5)-C(25) 1.45(4) 
N(1)-C(14) 1.40(4) 0(6)-C(26) 1.47(4) 
N(1)-C(27) 1.42(5) C(27)-C(28) 1.52(5) 
N(1)-C(1) 1.43(4) C(28)-N(4) 1.46(4) 
C(1)-C(2) 1.48(5) N(4)-C(29) 1.29(4) 
C(2)-N(2) 1.40(4) C(29)-C(30) 1.52(4) 
N(2)-C(3) 1.37(4) C(30)-C(35) 1.39(4) 
C(3)-C(4) 1.47(5) C(30)-C(31) 1.42(4) 
C(4)-C(9) 1.42(4) C(31)-0(7) 1.25(3) 
C(4)-C(5) 1.41(5) C(31)-C(32) 1.43(4) 
C(5)-O(1) 1.25(4) C(32)-C(33) 1.37(4) 
C(5)-C(6) 1.45(5) C(32)-C(37) 1.43(4) 
C(6)-C(7) 1.41(4) C(33)-C(34) 1.43(5) 
C(6)-C(11) 1.53(4) C(34)-C(35) 1.36(4) 
C(7)-C(8) 1.36(4) C(34)-C(36) 1.46(5) 
C(8)-C(9) 1.35(4) C(37)-0(9) 1.40(4) 
C(8)-C(10) 1.54(5) C(37)-0(8) 1.44(4) 
C(1 1)-0(2) 1.39(4) 0(8)-C(38) 1.42(4) 
C(11)-O(3) 1.43(4) 0(9)-C(39) 1.39(4) 
0(2)-C(12) 1.45(4) 
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Table 6.6: 	Selected Bond Angles (°) for 12 
0(7)-La-0(1) 64.0(7) N(2)-Ni-La 121.4(7) 
0(7)-La-0(4) 64.4(7) 0(1)-Ni-La 46.5(6) 
0(1)-La-0(4) 63.8(7) 0(4)-Ni-La 46.5(6) 
0(7)-La-0(3) 120.8(7) N(3)-Ni-La 120.8(8) 
0(1)-La-0(3) 70.3(7) N(4)-Ni-La 121.1(8) 
0(4)-La-0(3) 123.4(7) C(14)-N(1)-C(27) 119(3) 
0(7)-La-0(10) 143.1(9) C(14)-N(1)-C(1) 123(3) 
0(1)-La-0(10) 140.7(9) C(27)-N(1)-C(1) 117(3) 
0(4)-La-0(10) 142.8(9) N(1)-C(1)-C(2) 116(3) 
0(3)-La-0(10) 70.4(9) N(2)-C(2)-C(1) 113(3) 
0(7)-La-0(5) 123.3(7) C(3)-N(2)-C(2) 110(3) 
0(1)-La-0(5) 125.3(7) C(3)-N(2)-Ni 123(2) 
0(4)-La-0(5) 72.6(8) C(2)-N(2)-Ni 125(2) 
0(3)-La-0(5) 113.2(7) N(2)-C(3)-C(4) 127(3) 
0(10)-La-0(5) 70.3(9) C(9)-C(4)-C(5) 122(3) 
0(7)-La-0(9) 70.2(7) C(9)-C(4)-C(3) 119(3) 
0(1)-La-0(9) 123.5(7) C(5)-C(4)-C(3) 119(3) 
0(4)-La-0(9) 121.6(8) 0(1)-C(5)-C(4) 127(3) 
0(3)-La-0(9) 110.5(7) 0(1)-C(5)-C(6) 119(3) 
0(10)-La-0(9) 73.0(9) C(4)-C(5)-C(6) 114(3) 
0(5)-La-0(9) 106.7(7) C(5)-0(1)-Ni 124(2) 
0(7)-La-0(8) 66.3(7) C(5)-0(1)-La 140(2) 
0(1)-La-0(8) 127.7(7) Ni-0(1)-La 95.5(8) 
0(4)-La-0(8) 81.2(7) C(7)-C(6)-C(5) 119(3) 
0(3)-La-0(8) 155.4(7) C(7)-C(6)-C(1 1) 121(3) 
0(10)-La-0(8) 90.5(9) C(5)-C(6)-C(1 1) 120(3) 
0(5)-La-0(8) 72.3(7) C(8)-C(7)-C(6) 125(3) 
0(9)-La-0(8) 47.0(7) C(9)-C(8)-C(7) 117(3) 
0(7)-La-0(6) 128.9(7) C(9)-C(8)-C(10) 120(3) 
0(1)-La-0(6) 84.2(7) C(7)-C(8)-C(10) 123(3) 
0(4)-La-0(6) 65.9(8) C(8)-C(9)-C(4) 122(3) 
0(3)-La-0(6) 78.5(8) 0(2)-C(11)-0(3) 100(2) 
0(10)-La-0(6) 86.5(9) 0(2)-C(1 1)-C(6) 114(3) 
0(5)-La-0(6) 47.4(8) 0(3)-C(11)-C(6) 109(3) 
0(9)-La-0(6) 152.3(7) C(1 1)-O(2)-C(12) 112(3) 
0(8)-La-0(6) 116.7(7) C(11)-O(2)-La 98(2) 
0(7)-La-0(2) 79.1(7) C(12)-0(2)-La 134(2) 
0(1)-La-0(2) 65.6(7) C(13)-0(3)-C(1 1) 114(3) 
0(4)-La-0(2) 126.6(8) C(13)-0(3)-La 141(2) 
0(3)-La-0(2) 48.0(7) C(1 1)-0(3)-La 104(2) 
0(10)-La-0(2) 89.1(9) N(1)-C(14)-C(15) 115(3) 
0(5)-La-0(2) 157.2(8) N(3)-C(15)-C(14) 110(3) 
0(9)-La-0(2) 75.1(8) C(16)-N(3)-C(15) 114(3) 
0(8)-La-0(2) 119.0(8) C(16)-N(3)-Ni 123(3) 
0(6)-La-0(2) 124.1(8) C(15)-N(3)-Ni 123(2) 
0(7)-La-Ni 37.4(5) N(3)-C(16)-C(17) 129(3) 
0(1)-La-Ni 3 8.0(5) C(18)-C(17)-C(22) 117(3) 
0(4)-La-Ni 37.9(5) C(18)-C(17)-C(16) 123(3) 
0(3)-La-Ni 108.3(5) C(22)-C(17)-C(16) 119(3) 
0(10)-La-Ni 17 8.7(8) 0(4)-C(18)-C(17) 117(3) 
0(5)-La-Ni 110.5(5) 0(4)-C(18)-C(19) 117(3) 
0(9)-La-Ni 107.6(5) C(17)-C(18)-C(19) 126(3) 
0(8)-La-Ni 90.8(5) C(18)-0(4)-Ni 132(2) 
0(6)-La-Ni 93.3(5) C(18)-0(4)-La 132(2) 
0(2)-La-Ni 89.9(5) Ni-0(4)-La 95.6(9) 
0(7)-Ni-N(2) 161.5(10) C(24)-C(19)-C(18) 125(3) 
0(7)-Ni-0(1) 77.4(8) C(24)-C(19)-C(20) 124(3) 
N(2)-Ni-0(1) 84.5(9) C(18)-C(19)-C(20) 110(3) 
0(7)-Ni-0(4) 78.1(9) C(21)-C(20)-C(19) 129(4) 
N(2)-Ni-0(4) 101.9(10) C(22)-C(21)-C(20) 116(4) 
0(1)-Ni-0(4) 77.1(9) C(22)-C(21)-C(23) 124(4) 
O7)-Ni-N(3) 103.1(10) C(20)-C(21)-C(23) 121(4) 
N(2)-Ni-N(3) 95.3(11) C(21)-C(22)-C(17) 124(4) 
0(1)-Ni-N(3) 160.9(10) C(19)-C(24)-0(6) 114(3) 
0(4)-Ni-N(3) 84.3(11) C(19)-C(24)-0(5) 114(3) 
0(7)-Ni-N(4) 84.3(10) 0(6)-C(24)-0(5) 95(3) 
N(2)-Ni-N(4) 96.3(10) C(24)-0(5)-C(25) 111(3) 
0(1)-Ni-N(4) 103.4(10) C(24)-0(5)-La 104(2) 
0(4)-Ni-N(4) 161.8(10) C(25)-0(5)-La 142(2) 
N(3)-Ni-N(4) 95 .6(11) C(24)-0(6)-C(26) 115(3) 
0(7)-Ni-La 45.9(6) C(24)-0(6)-La 100(2) 
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C(26)-0(6)-La 124(2) C(33)-C(32)-C(37) 119(3) 
N(1)-C(27)-C(28) 116(3) C(31)-C(32)-C(37) 120(3) 
N(4)-C(28)-C(27) 108(3) C(32)-C(33)-C(34) 122(4) 
C(29)-N(4)-C(28) 113(3) C(35)-C(34)-C(33) 116(4) 
C(29)-N(4)-Ni 124(2) C(35)-C(34)-C(36) 124(4) 
C(28)-N(4)-Ni 121(2) C(33)-C(34)-C(36) 120(4) 
N(4)-C(29)-C(30) 125(3) C(34)-C(35)-C(30) 124(3) 
C(35)-C(30)-C(31) 122(3) 0(9)-C(37)-0(8) 95(3) 
C(35)-C(30)-C(29) 116(3) 0(9)-C(37)-C(32) 110(3) 
C(31)-C(30)-C(29) 122(3) 0(8)-C(37)-C(32) 115(3) 
0(7)-C(31)-C(30) 122(3) C(38)-0(8)-C(37) 112(3) 
0(7)-C(31)-C(32) 124(3) C(38)-0(8)-La 129(2) 
C(30)-C(31)-C(32) 115(3) C(37)-0(8)-La 102(2) 
C(3 1)-O(7)-Ni 129(2) C(39)-0(9)-C(37) 115(3) 
C(31)-0(7)-La 134(2) C(39)-0(9)-La 140(2) 
Ni-0(7)-La 96.7(8) C(37)-0(9)-La 105(2) 
C(33)-C(32)-C(31) 122(3) 
6.2.7 The Synthesis of [GdML 1 ](C104)2 , M=Co, Ni 
The synthesis of the gadolinium(ffl) complexes was carried out using the same 
synthetic method as 6.2.5. 
6.2.8 Preliminary Magnetic Studies on [GdNiL'](CL0 4)2 
A preliminary study of the magnetic properties of [GdNiL'](CL0 4)2 was 
undertaken. At room temperature the magnetic moment observed was, 8.35BM, 
similar to that expected for non-interacting S=7/2 and S=1 centres [8.46 BM for g=2]. 
However the value then fell slowly to a minimum of 8.05 BM at70K, before rising 
rapidly. A maximum of 8.65 BM is observed at 3K, before a slight fall at lower 
temperature. 
The behaviour can be modelled adequately using a modification of a procedure 
outlined by Kahn 126  The high temperature decline in the magnetic moment appears to 
be caused by temperature independent paramagnetism (TIP), while the rise in p 
between 70K and 3K is due to a weak ferromagnetic interaction between the two 
metals, which would give an S=9/2 ground state. The slight fall below 3K is probably 
due to zero field splitting within this ground state, and we have not yet attempted to 
model this region. The fit shown, see Figure 6.5, was obtained with g=1.99, 
g=2.05, J=0.35cm 1 , 1'IP = 2.8 x 102  cmgs mold and allowing for an 11% monomeric 
impurity. Both TIP and monomeric impurity are higher than is satisfactory. 
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The ferromagnetic nature of the interaction is not unexpected, given that all the 
Gd-Cu interactions studied so far have also been ferromagnetic. 126,130,135,136 However 
little importance can be attached to this preliminary result as modelling of the data 
requires such a large impurity. This brings into doubt the purity of the 
[GdNiL'](CL04)2 sample. Further studies are necessary before the magnetic properties 
can be fully characterised and modelled. 
Mu(calc) 
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Figure 6.5: 	Plot of Mu vs. Temperature for [GdNiL'](C10 4)2 
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5.3 Conclusions 
Reaction of the complex [LaL 1H3(H20)] 2  with nickel(III) perchiorate in the 
presence of N,N-diisopropylethylamine affords a complex cation of formula 
[LaNiL'(H20)] 2 . The lanthanum(HI) is ten co-ordinate bound within the upper 0603 
cavity of the ligand to three phenolic oxygens and six acetal oxygens with a water 
molecule completing the co-ordination sphere. The six co-ordinate nickel(H) is bound 
in the lower N 303  cavity of the ligand to the three imine nitrogens and the three 
phenolic oxygens which bridge the two metal centres. 
The complexes of ligand L2H3 of the formula, [ML 2H3] 2 (M=Co,Ni,Cu and 
Zn) contain an identical protonated N 303 lower cavity. Thus a similar reaction to 
deprotonate and bind a second metal in the lower cavity was carried and the full range 
of complexes produced with the four different metal centres, cobalt(H), nickel(II), 
copper(H) and zinc(ll). Unfortunately structural characterisation has not been possible. 
A range of bimetallic complexes of the type structurally characterised were 
synthesised from the starting material, [Gd(L 1H3)](C104)3 . A preliminary study of the 
magnetic properties of [GdNiL'](C104)2 was undertaken and showed a weak 
ferromagnetic interaction between the two metals below 70K. 
159 
6.4 Experimental 
6.4.1 Synthesis of [LaNiL 1(H20)](C104)2, 12 
LaL'(C104)3  (255mg, 0.2mmol) was dissolved in acetonitrile (20cm 3) and 
nickel(II) perchiorate (80mg) was added as a solution in acetonitrile (10cm), resulting 
a colour change from light yellow to green, followed immediately by addition of 
diisopropylethylamine (0.12cm 3) with rapid stirring. The green solution was allowed to 
stir at ambient temperature for thirty minutes. It was then rotary evaporated removing 
the acetonitrile solvent until only a 5-10cm 3 remained of the green solution. Slow 
addition of diethyl ether with stirring resulted in precipitation of a green solid which 
was collected by filtration and dried in vacuo. Recrystallisation was achieved by slow 
vapour diffusion of diethyl ether into a solution of the complex in methanol. F.a.b. 
mass spectrum (3-NOBA) m/z 1015= [LaNiL'(C10 4)1, m/z 1033= 
[LaNiL 1 (H20)(Cl04)] and m/z 1079= [LaNiL'(2MeOH)(C104)1 + . 
6.4.2 Single Crystal X-ray Structure of [LaNiL'(H20)](C104)2, 12 
Pale green laths of X-ray diffraction quality were grown by the vapour 
diffusion of diethyl ether in to a methanolic solution of the complex at 277K. 
The structure was solved by direct methods using SHELXS-86 and refined 
using SHELXL-93. 
The lanthanum and nickel atoms were refined with anisotropic thermal 
parameters. All H-atoms were fixed in calculated positions. 
Crystal data for 12 is given in table 6.7. 
6.4.3 Synthesis of [NiML 2](C104)2, X=Co, Ni, Cu and Zn) 
[NiL2](C104)2 (205mg, 0.22mmol) was dissolved in acetonitrile (20cm 3) and 
nickel(I1) perchiorate (80mg, 0.22mmol) was added as a solution in acetonitrile 
(10cm3) and rapidly followed by addition of N,N-diisopropylethylamine (0. 12m1 of a 
0.1 148M solution in acetonitrile). The solution was allowed to stir for thirty minutes 
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and then concentrated by rotary evaporation to a volume of 10cm 3 . Diethyl ether was 
added dropwise to the solution until precipitation of a green solid had commenced. 
The solid was collected by filtration and often found to start to form an oil on contact 
with air. This was prevented by washing with cold ethanol (10cm 3) and then the solid 
dried in vacuo.(Yield: 0.136mg, 65%). Elemental Analysis; Found: C, 48.22: H, 5.56: 
N, 6.20%. CH52 . 5N4.5C1Ni2Oi3 requires: C, 50.2: H, 5.48: N, 6.59%. F.a.b. mass 
spectrum (3-NOBA) m/z 725= [NiL 2] +, m/z 741= [NiL2(H20)1, m/z 781= [Ni2L2] 
and mlz 825= [NiL 2(Cl04)]. 
The same procedure was followed in the synthesis of the other bimetallic 
complexes from [NiL2](Cl04)2. The base for deprotonation of this complex was varied 
between N,N-diisopropylethylamine and proton sponge both used in the same ratio. 
For M--Co: Elemental Analysis; Found: C, 49.54: H, 5.70: N, 7.31%. 
C41 H58N5C1C0NiO13 requires: C, 50.4: H, 5.94: N, 7.16%. 
For M--Cu: Elemental Analysis; Found: C, 48.8: H, 5.02: N, 8.90%. 
C43H61N6C1CuNiO13 requires: C, 50.5: H, 5.96: N, 8.21%. 
For M=Zn: 	Elemental Analysis; Found: C, 49.0: H, 5.52: N, 7.72%. 
C41 H58N5CIZnNiO13 requires: C, 50.0: H, 5.90: N, 7.12%. 
F.a.b. mass spectrometry for all complexes-see Table 6.1. 
6.4.4 Synthesis of [CoML2](C104)2, X=Co, Ni, Cu and Zn) 
Synthetic procedure as above. 
For M--Co: Elemental Analysis; Found: C, 49.3: H, 5.89: N, 6.79%. 
C41H58N50Co2013 requires: C, 50.3: H, 5.83: N, 7.16%. 
For M--Cu: Elemental Analysis; Found: C, 49.9: H, 5.61: N, 9.25%. 
C43H451 N6C1CuCoO13 requires: C, 50.4: H, 5.87: N, 8.21%. 
For M=Zn: 	Elemental Analysis; Found: C, 49.1: H, 5.45: N, 7.35%. 
C41H58N5CIZnCo013 requires: C, 50.0: H, 5.79: N, 7.12%. 
F.a.b. mass spectrometry for all complexes-see Table 6.2. 
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6.4.5 Synthesis of [CuML2](C104)2, X=Co, Ni, Cu and Zn) 
Synthetic procedure as above. 
For M--Cu: Elemental Analysis; Found: C, 48.0: H, 5.45: N, 8.71%. 
C43H61 N6C1Cu2013 requires: C, 50.2: H, 5.84: N, 8.18%. 
F.a.b. mass spectrometry for all complexes-see Table 6.3. 
6.4.6 Synthesis of [ZnML 2](C104)2, X=Co, Ni, Cu and Zn) 
Synthetic procedure as above. 
For M=Ni: 	Elemental Analysis; Found: C, 51.0: H, 5.98: N, 9.04%. 
C41 H58N5C1NiZn013 requires: C, 50.0: H, 5.79: N, 7.12%. 
For M=Zn: 	Elemental Analysis; Found: C, 49.1: H, 5.45: N, 8.94%. 
C41H58N5C1Zn2O13 requires: C, 49.7: H, 5.76: N, 7.07%. 
F.a.b. mass spectrometry for all complexes-see Table 6.4. 
6.4.7 The Synthesis of [GdML 1](C104)2, M=Co, Ni 
Synthetic procedure as 6.4.1. 
Elemental Analysis; Found: C, 36.2: H, 4.72: N, 4.02%. C 39H59N4C12NiGdO21 
requires: C, 38.8: H, 4.93: N, 4.64%. F.a.b. mass spectrum (3-NOBA) shows no 
assignable peaks. 
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Table 6.7 	Crystal Data for Compound 12 
Compound [LaNiL1(H20)}(C104)2 
Empirical Formula C40H4sC12LaN4NiO19 
M 1157.34 
Crystal System trigonal 
Space Group R -3 






Volume 249 14(33)A 
Radiation Wavelength 0.71073A 
T 150K 
Z 18 
D 1.388gcm 3 
Crystal Dimensions 0.55x0.15x0.08 mm 3 
jt(Mo-K) 1.265mm' 
F(000) 10566 
Theta range for Data Collection 55205400  
Index ranges -27 <h <28 
0<k<32 
O< 1<23  
Reflections Collected 5176 
Independent Reflections 5176 
Refinement Method Full matrix least  
squares on F2 
Data/Restraints/Parameters 4960/27/300 
Goodness of Fit on F2 1.201 
wR2 (all data) 0.5184 
Ri (F > 4(r(F)) 0.1236 
Largest Difference Peak and Hole +2.005e 
k3,  -1.557e k3 
163 
Appendix 1: 	Experimental Techniques 
A.1.1 Reagents 
Solvents were dried using standard reagents 137 , distilled and collected under 
nitrogen. 
A.1.2 Physical Measurements 
Infra red spectra were recorded as solids mulled in Nujol between NaCl plates 
or as KBr discs on a Perkin-Elmer 1600 Series FT-IR spectrometer. 
Fast Atom Bombardment mass spectra were recorded in a 3-nitrobenzyl 
alcohol (3-NOBA) matrix on a Kratos MS50 T.C. spectrometer. 
Elemental analyses were performed by the University of Edinburgh Chemistry 
Department microanalytical service on a Perkin-Elmer 2400 Elemental Analyzer. 
'H NMR were recorded on BrUker WP80, WP200, AC250 and AM360 
spectrometers, operating at 80.13, 200.13, 250.1 3and 360.13 MHz respectively. 13C 
NMR were recorded on BrUker WP200 and AC250 spectrometers, operating at 
50.32and 62.89 Mhz respectively. 
Variable temperature magnetic measurements were carried out on a MPMS 2 
SQUID magnetometer (Quantum Design), operating with a magnetic field of 1000 
Gauss. Data were manipulated using standard manufacturers software. 
Single crystal X-ray data was collected on a Stoë STADI-4 four circle 
diffractometer, fitted with an Oxord Cryosystems low temperature device 138 . The 
computer programs used in the collection of X-ray data and in the subsequent solution 
and refinement of the crystal structures were; DIF4 139 , REDU4'40, SHELXS-86 141 , 
DIRDIF142 , SHBLX-76 143 , SHELXL-93', DIFABS 145 and SHELXTL-PC'. 
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Abbreviations 
BM Bohr magnetons 
d doublet 











NMR nuclear magnetic resonance 
3-NOBA nitrobenzyl alcohol 
Ph phenyl 
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